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1 
INTRODUCTION 
The presence of mitochondria in virtually all eucaryotic cells has 
long been known and the metabolic pathways that occur in these 
organelles have been elucidated and studied in much detail. However, 
only in the past twenty years has it been discovered that mitochondria 
contain their own genetic system which is distinct from the more 
prevalent nuclear-cytoplasmic genetic system. 
Mitochondria contain DNA and the enzymes necessary for its 
replication. This mitochondrial (mt) DNA is transcribed within the 
mitochondria into mt specific RNAs. Mt ribosomes, whose components 
appear to be totally distinct from cytoplasmic ribosomes, are also 
present in mitochondria and function to synthesize the mitochondrially 
encoded proteins. 
Mitochondria contain a large number of proteins, far more than can 
be encoded in the relatively small mt genome. In fact, approximately 90 
percent of all mt proteins are nuclear encoded, synthesized in the 
cytoplasm and transported into mitochondria. Thus, the biogenesis and 
proper functioning of mitochondria must depend on a coordinate 
interaction between the nuclear-cytoplasmic and mt genetic systems. 
For the major part of this introduction, mt molecular biology is 
reviewed. Although emphasis has been placed on mammalian mt systems, 
pertinent information obtained from many other mt systems has also been 
included. 
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Characterization of Mitochondrial DNA 
Nass and Nass (1963), using electron microscopy, were the first to 
demonstrate the presence of DNA within mitochondria of chick embryos. 
On CsCl gradients, mt DNAs from Neurospora (Luck and Reich, 1964), chick 
embryos (Rabinowitz et al., 1965), and subsequently from a variety of 
other organisms were shown to have bouyant densities which differed from 
nuclear DNAs. Chick embryo mt DNA was found to be a closed circular 
molecule with a contour length of 4.96 ym (Sinclair and Stevens, 1966). 
It has since been observed that all animal mt DNAs occur as 5 ym, 
covalently closed duplexes with molecular weights of 8 to 10 million 
daltons (Borst, 1972; Dawid et al., 1976). The fungi, Neurospora and 
yeast, have circular mt DNAs with contour lengths of 20 yra. (Hollenberg 
et al., 1970) and 25 ym (Agsteribbe et al., 1972) respectively, while 
higher plant mt DNAs with contour lengths of 30 ym (Koldner and Tewari, 
1972) are the largest known. The considerably larger size of Neurospora 
and yeast mt DNAs, as compared to" that of animal mt DNA, does not 
reflect the presence of more genes, but is due to the presence of AT-
rich sequences (Bernardi et al., 1976; Borst and Grivell, 1978) and 
intervening sequences (Grivell et al., 1980), both of which are absent 
from animal mt DNAs (Anderson, et al., 1981). Apparently, unique with 
respect to mt DNA are the ciliated protozoa which possess 15 ym linear 
mt DNAs (Cummings et al., 1976; Goldbach et al., 1976). 
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Mammalian Mitochondrial Genome Organization 
The publication of the complete sequence of human mt DNA (Anderson 
et al., 1981) is considered a "landmark" in biology from which much 
information about the mt genetic system has been obtained. In light of 
this information, several recent reviews concerning the organization and 
expression of the mt genome have been published (Attardi, 1981; Borst 
and Grivell, 1981; Anderson et al., 1981; Rosamond, 1982; Anderson et 
al., 1982; Attardi et al., 1982). 
The complete sequence of the 16,569 base pair human mt genome was 
determined by Sanger's group in Cambridge, England (Anderson et al., 
1981). The bovine rat genome has also been completely sequenced 
(Anderson et al., 1982), and the sequencing of the rat (Pepe et al., 
1983) and mouse (Bibb et al., 1981) mt genomes are we11-underway. The 
sequence data, along with other lines of evidence, shows mammalian mt 
genomes contain genes for two rRNAs, twenty-two tRNAs and thirteen 
proteins. These genes are arranged in an extremely compact fashion. On 
the H-strand, sequences coding for discrete transcripts saturate the 
entire length of the strand, except for about 7% of the strand around 
the origin of replication (Attardi et al., 1982). The sequence data 
also serve to highlight several unusual features of the mammalian mt 
genome and its expression. First, the organization is such that the 
rRNA genes and putative mRNA genes are flanked on either end by tRNA 
genes (Montoya et al., 1981; Ojala et al., 1981). This has lead to the 
proposal of a "tRNA punctuation model" for transcript processing (Ojala 
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et al., 1981). Second, the mRNA sequences reveal the lack of any-
significant nontranslated leading (Montoya et al., 1981) and trailing 
regions (Ojala et al., 1981). In fact, most messages depend on 
polyadenylation to convert their 3' terminal U or UÂ into a UAA stop 
codon (Ojala et al., 1981). Third, mitochondria use' fewer than the 
previously predicted minimum number of tRNAs for translation (Anderson 
et al., 1981). Fourth, the mt genetic code differs from the genetic 
code used in other systems (Anderson et al., 1981). In other words, the 
genetic code is not "universal". 
Mitochondrial DNA Replication 
An overall view of how mt DNA replication occurs was first obtained 
by ordering replication intermediates observed in the electron 
microscope (Schatz and Mason, 1974). Restriction mapping and sequence 
analyses revealed that replication of mammalian mt DNA starts by 
initiation of H-strand synthesis at a specific origin (Gillum and 
Clayton, 1979; Crews et al., 1979). About 680 nucleotides of H-strand 
DNA (7S DNA) are synthesized, and by base pairing to the parental L-
strand, this displaces the parental H-strand to form a displacement loop 
(D-loop) (Kasamatu et al., 1971). Most mt DNA appears in this form 
(Kasamatu et al., 1971). However, in a few instances replication 
proceeds unidirectionally (Martens and Clayton, 1979). When the nascent 
H-strand is two-thirds complete, synthesis of the complementary L-strand 
DNA begins at a specific site which has been exposed due to H-strand 
synthesis (Martens and Clayton, 1979). Asymmetric synthesis continues 
until replication of the two strands is complete. 
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Though mammalian mt genomes contain only a single origin of 
replication, studies have shown that yeast mt genomes contain at least 
seven such origins of replication (Blanc and Dujon, 1980; DeZamaroczy et 
al., 1981). The mechanism of yeast mt DNA replication, however, is not 
yet clear. 
Mitochondrial Transcription 
Most of the information on mammalian mt DNA transcription comes 
from the Attardi group's studies with HeLa cell mitochondria. These 
studies have revealed that although most of the genes identified in rat 
DNA are localized on the H-strand, both the H-strand and L-strand are 
almost completely transcribed (Aloni and Attardi, 1971; Murphy et al., 
1975). Pulse-labeling experiments indicate that the L-strand is 
transcribed at a rate two to three times that of the H-strand (Cantatore 
and Attardi, 1980), however, L-strand transcripts have much shorter 
half-lives and do not accumulate to any significant extent in 
mitochondria (Aloni and Attardi, 1971). 
Studies to identify the precise initiation sites for transcription 
of mammalian mt DNA have revealed one L-strand site and two H-strand 
sites, all located near the D-loop region (Montoya et al., 1982; Montoya 
et al., 1983). The two H-strand initiation sites, 90 to 110 base pairs 
apart, have been postulated to be the basis for the differential 
regulation of rRNA and H-strand coded mRNA synthesis (Montoya et al., 
1983). 
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In yeast, much less is known about the mt transcription process. 
There is some evidence for symmetric transcription (Hendler et al., 
1976), however, most RNA synthesized by yeast mt transcription complexes 
in vitro was not self-complementary (Lewin et al., 1977). Two lines of 
evidence suggests there are several promoter sites for yeast mt 
transcription. First, some petite mutants, containing only small parts 
of the genome, are transcribed normally (Faye, 1976). Second, Southern 
type hybridizations of yeast transcripts to yeast mt DNA show only 
"mature" forms of certain transcripts, indicating these were not 
processed from a complete transcript precursor (Van Ommen and Groot, 
1977). 
Mitochondrial RNA Processing 
The transcription model described above for mammalian mitochondria, 
indicates the entire H-strand is transcribed as a single primary 
transcript. Cantatore and Attardi (1980) found that mt RNAs isolated 
from transcription complexes of HeLa mt DNA contained no giant-sized H-
strand transcripts, although giant-sized L-strand transcripts were 
present. This observation suggested that processing of the H-strand 
transcript begins prior to the completion of transcription (Attardi et 
al., 1980). 
The mechanism by which mitochondria process their transcripts to 
mature form is not yet known, although a plausible mechanism, the "tRNA 
punctuation model", has been proposed (Ojala et al., 1981). Sequence 
determination of mature HeLa mt transcripts and alignment with the DNA 
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sequence revealed the precise disposition of the tRNA genes within the 
genome. It was found that, in most cases, the rRNA genes and putative 
mRNA genes are flanked on their 3' and 5' ends with tRNA genes (Montoya 
et al., 1981; Ojala et al.,1981). The model proposes that the first 
processing step involves cleavage of the RNA at the 3' and 5' terminal 
nucleotides of the tRNAs by an endonuclease (perhaps analogous to RNase 
P) that recognizes the cloverleaf structure of the tRNAs. The series of 
transcripts resulting from these cleavages can be further modified by 
polyadenylation (messages), base modification (rRNAs, tRNAs), and 
addition of CCA to the acceptor stem of the tRNAs. 
Mitochondrial tRNAs 
The complete nucleotide sequence of both human and bovine mt DNAs 
(Anderson et al., 1981) reveals the existence of 22 putative tRNA genes. 
In addition, no mammalian mt tRNAs have been shown to be imported from 
the cytoplasm (Aujame and Freeman, 1979). Roe et al. (1981) have 
reported the isolation and sequencing of exactly 22 mature tRNA species 
from bovine mitochondria. These tRNAs contain methylated bases and 
other modified nucleotides typically found in tRNAs (Roe et al., 1981). 
The sequence data for bovine mt tRNAs demonstrate that, with the 
exception of tRNA^^^, all the mt tRNAs lack some or all of the following 
features commonly found in other tRNAs: the GTTCRA sequence; the 
constant seven base length of the "TfC" loop; the constant bases A^^G^^ 
and and their connections with Ug and U^g (yeast tRNA^^^ 
numbering system; Anderson et al., 1981). Bovine tRNA^®^, which lacks a 
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D-arm (Arcari and Brownlee, 1980; DeBruijn et al., 1980), is the extreme 
case. 
In contrast, mt tRNAs share several conserved features with other 
tRNAs: the seven unpaired nucleotides in the anticodon loop, the 
presence of the four unpaired NCCA bases at the 3' end of the acceptor 
stem, and the seven base paired acceptor stem. The only universal 
nucleotide in all tRNAs, except tRNA^^^, is the U immediately 5' to the 
anticodon (Roe et al., 1981). 
As discussed in the next section, the mt genetic code differs from 
the "universal" genetic code. The mt genetic code has evolved to such 
an extent that only twenty-two tRNAs are required to read the code. 
This is accomplished by using a single tRNA to read the four codon 
families that code for a single amino acid (Anderson et al., 1981). 
Such tRNAs have an unmodified U in the wobble position. In two-codon 
families, NN^ codons are read by tRNAs with a modified U in the wobble 
position, while NN^ codons are read by tRNAs with G in the wobble 
position (Heckman et al., 1980; Bonitz et al., 1980; Roe et al., 1981). 
The ability of a single tRNA to respond to all four codons may occur by 
a G-N wobble (Crick, 1966) or a "two out of three" (Lagerkvist, 1978) 
mechanism. In addition. Roe et al. (1981) have stated that the presence 
or absence of a modified nucleotide immediately 3' to the anticodon may 
play a role in modulating this unusual response. 
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Mitochondrial Genetic Code 
-The genetic code used by mitochondria is different from that used 
in other systems, and previously thought to be universal. By comparing 
the DNA sequences of mammalian mt genes with the amino acid sequences of 
the corresponding proteins, it has been found that the mammalian mt 
genetic code differs from the "universal" genetic code in the following; 
UGA codes for tryptophan and not termination; AUA codes for methionine 
and not isoleucine (Barrell et al., 1979) and, in addition, AUA can act 
as an initiation codon; AGA and AGG code for termination and not 
arginine (Barrell et al., 1980; Anderson et al., 1981). 
Other species have their own variations of this theme. For 
example, yeast mitochondria read UGA as tryptophan (Fox, 1979; Macino et 
al., 1979) but CUN codons are read as threonine and not leucine (Macino 
and Tzagoloff, 1979; Li and Tzagoloff, 1979). Yeast mitochondria, 
unlike mammalian mitochondria, use AUA for leucine and AGA and AGG for 
arginine as in the "universal" code (Bonitz et al., 1980). 
Mitochondrial Translation Products 
Many of the early studies analyzing mt translation products 
indicated that mitochondria from a variety of sources synthesize only 
about eight polypeptides (for a summary, see Schatz and Mason, 1974; 
O'Brien, 1976; Beutow and Wood, 1978). Recent DNA sequence studies, 
however, uncovered thirteen potential coding regions (open reading 
frames) in mammalian mt genomes (Anderson et al., 1981). More detailed 
analysis of mt translation products using high resolution 
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electrophoresis systems, revealed 19 to 26 discrete polypeptides 
(Douglas and Butow, 1976; Ching and Attardi, 1982; Bhat et al., 1982). 
Several mt translation products have been identified as components 
of enzyme complexes of the mt inner membrane. Cytochrome c oxidase is 
composed of seven nonidentical subunits (Weiss et al., 1971). Using in 
vivo labelling experiments, it was found that in Neurospora (Weiss et 
al., 1971; Sebald et al., 1972; Schwab et al., 1972), yeast (Mason and 
Schatz, 1973; Rubin and Tzagoloff, 1973), Xenopus (Koch, 1976) and human 
(Hare et al., 1980) the three largest subunits of this complex are 
translated on mt ribosomes, whereas, the other four subunits are 
translated on cytoplasmic ribosomes. Power et al. (1984) have recently 
reported that what was previously analyzed on one-dimensional gels as 
the smallest subunit of cytochrome c oxidase, can be resolved into three 
separate protein species, bringing the number of subunits for the 
complex to nine. In yeast and Neurospora, cytochrome b has also been 
shown to be synthesized on rat ribosomes (Weiss and Ziganke, 1974; Katan 
et al., 1976). 
The number of ATPase subunits which are synthesized in mitochondria 
varies in different organisms. The ATPase of yeast contains four 
mitochondrially synthesized subunits (Tzagoloff and Meagher, 1971), 
while that of Neurospora contains only two subunits made on mt ribosomes 
(Jackl and Sebald, 1975; Sebald, 1977). In fact, the proteolipid 
subunit of ATPase has been demonstrated to be a mt product in yeast 
(Sierra and Tzagoloff, 1973; Sebald et al., 1979) and a cytoplasmic 
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product in Neurospora (Sebald et al., 1976). The ATPase of Xenopus has 
been reported to contain three mitochondrially synthesized subunits 
(Koch, 1976). 
The protein S-5 of Neurospora and the var-1 protein of yeast have 
been shown to be mitochondrially synthesized. Each protein has been 
found to be a component of the respective mt ribosome (Lambowitz et al., 
1976; Terpstra et al., 1979). They are basic proteins present in 
stoichiometric concentrations in high salt washed mt ribosomal small 
subunits, and appear to play a role in the assembly of the ribosoraes 
(Lambowitz et al., 1979; Terpstra and Butow, 1979). 
In yeast, recent evidence has pointed to the existence of 
"maturase" proteins, synthesized in mitochondria and encoded in mt DNA, 
which are involved in the processing of mt mRNAs (Lazowska et al., 1980; 
Claisse et al., 1980; Jacq et al., 1982; Mahler et al., 1982). The 
yeast mt gene which specifies the amino acid sequence of cytochrome b is 
known to possess multiple introns in a mosaic organization (Mahler et 
al., 1982). Lazowska et al. (1980) and Mahler et al. (1982) have found 
that at least some of these introns encode a "mRNA maturase" which is 
responsible for the splicing and maturation of cytochrome b mRNA. 
Among the mt translation products from HeLa cells, Ching and 
Attardi (1982) have found 26 discrete components. Among these, only the 
three subunits of cytochrome c oxidase have been identified with 
confidence (Hare et al., 1980). Nucleotide sequence analysis indicates 
cytochrome b and one ATPase subunit protein should also be among the 
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mitochondrially synthesized components. As to the nature of the 
remaining polypeptides, at present, one can only.speculate. From the 
information obtained in other systems, likely candidates include, a 
mitochondrially synthesized ribosomal protein, additional subunits of 
the ATPase complex and a "maturase" active in RNA processing. 
Protein Synthesis Studies Using Isolated Mitochondria 
The early publications concerning proteins synthesized by isolated 
mitochondria focused on establishing the requirements for optimal 
activity and, more important, demonstrating the observed protein 
synthesis was, in fact, mt and not due to contaminating microsomes or 
bacteria (Beattie, 1979). Protein synthesis by contaminating microsomes 
could be ruled out by the use of antibiotics, notably chloramphenicol 
(CAP) and cycloheximide which differentially inhibit the mt and 
cytoplasmic protein synthesizing systems respectively (Lamb et al., 
1968). The observations that proteins synthesized by isolated 
mitochondria are identical to those produced by mitochondria vivo 
(Coote and Work, 1971; Ibrahim et al., 1973; Poyton and Groot, 1975) 
argue against the synthesis being due to contaminating bacteria. More 
recently, protein synthesis studies using isolated mitochondria have 
focused on the analysis and identification of the components synthesized 
by these organelles (see previous discussion). 
Regulation of mt protein synthesis by extrachromosomal factors has 
also been investigated. Poyton and Kavanagh (1976) reported that 
protein syntesis by isolated yeast mt was stimulated considerably by a 
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high speed supernatant fraction from yeast cells. The stimulatory 
factor was sensitive to trypsin and was precipitated by antisera 
prepared against the cytoplasmicly synthesized subunits of cytochrome c 
oxidase. Everett et al. (1980) found that, like yeast cytoplasmic 
supernatant, rat liver and E. coli supernatants also stimulated 
translation in mitochondria. Again the stimulatory factor was sensitive 
to trypsin. Ohashi and Schatz (1980) have confirmed the stimulatory 
effects, however, they found that the stimulatory agent was not a 
protein but GDP (or GTP) which is generated from nondialyzable GMP 
present in the high speed supernatants. 
Mammalian Mitochondrial mRNAs and Protein-coding Genes 
An interesting observation is that all of the mt RNA species, other 
than. tRNAs, derived from the processing of primary transcripts are 
polyadenylated. This includes not only the mRNAs, but also the 12S and 
16S rRNAs (Dubin et al., 1981; Gelfand and Attardi, 1981). Although mt 
mRNAs are polyadenylated, Grohmann et al. (1978) have shown that they do 
not possess "cap" structures at their 5' ends. 
Montoya et al. (1981) have sequenced the 5' ends of the mt mRNAs 
and found they contain, in most cases, no or very few nucleotides prior 
to their initiation codons. In addition, both AUG and AUA are commonly 
used as initiation codons, and if one particular RNA sequence is 
translated, AUU must be used as an initiation codon. 
Gelfand and Attardi (1981) have isolated eighteen discrete 
poly (A)-containing rat-specific RNAs from HeLa cells and mapped them to 
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the mt genome. They found the three largest RNAs are large L-strand 
transcripts. RNA 4 maps as a precursor to the 12S and 16S rRNAs, while 
RNA 8 and RNA 10 are polyadenylated 12S and 16S rRNAs, respectively. 
Correlation of poly(A)-containing RNA sequences, or of open reading 
frames in mammalian mt DNA sequences with protein sequence data and with 
known yeast gene sequences, indicates that RNAs 9, 16, and 15 are 
specific mRNAs for cytochrome c oxidase subunits (CO) I, II and III, 
respectively; RNA 11 is the mRNA for cytochrome b; and RNA 14 contains 
the message for a protein with sequence homology to the yeast ATPase 
subunit 6 protein (Attardi, 1981). 
Using antibodies directed against synthetic peptides corresponding 
to mt gene sequences, it has been demonstrated that the mitochondrially 
translated proteins 17, 12, 24 and 25 (numbering system of Ching and 
Attardi, 1982) are encoded by the mt ATPase 6 gene, URF 1, URF 3 and URF 
A6L, respectively (Mariottini et al., 1983; Chomyn et al., 1983). The 
functions of these products, however, are not yet known. 
The remaining significant unidentified open reading frames most 
likely code for proteins because they are conserved in human, bovine 
(Anderson et al., 1982), mouse (Bibb et al., 1981) and rat (Groskopf and 
Feldmann, 1981; Pepe et al., 1983) mt DNAs. 
Moorman et al. (1977) have isolated a rat mRNA fraction from yeast 
and attempted to translate it in an E. coli system and in several 
eucaryotic systems. Although low molecular weight products (<10,000 
daltons) were precipitable with antisera against subunits of cytochrome 
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c oxidase, no complete subunit polypeptides were found. Chang et al. 
(1975) cloned the mouse mt genome in E. coli by linking it to pSClOl. 
They found specific polypeptide synthesis was directed by the mt DNA, 
however, the polypeptides consisted of low molecular weight species. 
Such results would be expected since the mt genetic code differs from 
the "universal" code. 
Pfisterer and Beutow (1981) using a reconstituted yeast mt 
translation system found mt mRNA could be translated to produce 
polypeptides in the molecular weight range corresponding to proteins 
known to be synthesized inside mitochondria. 
Mitochondrial Ribosomes and Ribosomal RNA 
McLean et al. (1958) were the first to demonstrate that isolated 
mitochondria from rat liver were able to incorporate amino acids into 
proteins. This incorporation was later found to be inhibited by CAP 
(Rendi, 1959; Mager, 1960) and puromycin (Kroon, 1963; Kalf, 1963), 
suggesting ribosomes were involved in the incorporation process. The 
visualization of such ribosomes within the mitochondria of several 
organisms soon followed (Kislev et al., 1965; Swift, 1965). The first 
to isolate mt ribosomes from rat liver were Rabinowitz et al. (1966) and 
O'Brien and Kalf (1967a). Mt ribosomes from a large array of eucaryotes 
have since been isolated and characterized (see O'Brien and Matthews, 
1976; Beutow and Wood, 1978, for reviews). 
Mt ribosomes have been found to be structurally diverse, having 
sedimentation coefficients ranging from 55S in the case of animals to 
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SOS in the case of ciliates. In general, the sedimentation values of mt 
ribosomes and their subunits are lower then their corresponding 
cytoplasmic counterparts. The lower sedimentation values, however, do 
not indicate a smaller size but rather reflect the higher protein to RNA 
ratios found in the mt ribosomes (Hamilton and O'Brien, 1974). 
Mt ribosomes isolated from different animal sources are similar in 
structure, with sedimentation values of 55S for the ribosomes and 30S 
and 40S for the ribosomal subunits (Swanson and Dawid, 1970; Rabbitts 
and Work, 1971; Aaij et al., 1972; DeVries and Van der Koogh-Schuuring, 
1973; Sacchi et al., 1973; O'Brien et al., 1974; O'Brien and Kalf, 
1976b). In contrast, the sedimentation value for animal cytoplasmic 
ribosomes is 80S with 40S and 60S subunits (O'Brien et al., 1974). 
Characterization of RNA from animal mt ribosomes and subunits reveals 
that only one RNA species is present in each subunit, 12S RNA in the 
small subunit and 16S RNA in the large (Sacchi et al., 1973; Attardi and 
Attardi, 1971); no small mt rRNAs analogous to 5S or 5.8S rRNAs have 
been found. 
Mt ribosomes from different eucaryotes have been found to be 
structurally distinct. Yeast mitochondria contain 74S ribosomes which 
can be dissociated into 50S and 37S subunits (Grivell et al., 1971). 
There is some dispute over Neurospora mt ribosomes which sediment at 73S 
(Kuntzel and Noll, 1967) or BIS (Rifkin et al., 1967) depending upon the 
isolation procedure used (Datema et al., 1974). The ciliated protozoa 
contain mt ribosomes sedimenting at a value of 80S (Chi and Suyama, 
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1970). Ribosomes of higher plants sediment at 78S with subunits of 60S 
and 44S (Leaver and Harmey, 1973). These plant mt ribosomes, in 
contrast to other mt ribosomes, contain a small rRNA species, 5S rRNA, 
in their large subunit (Leaver and Harmey, 1976). 
Mitochondrial Ribosomal Proteins 
Depending on the organism, mt ribosomes appear to be composed of 50 
to 100 proteins. The capacity for coding information in mammalian mt 
genomes is extremely limited and as a rule the mt ribosomal proteins are 
encoded in the nuclear DNA, synthesized in the cytoplasm, and 
transported into mitochondria. However, two exceptions to this rule 
have been demonstrated; the var-1 protein of yeast mt ribosomes 
(Terpstra et al., 1979), and protein S-5 of Neurospora mt ribosomes 
(Lambowitz et al., 1976); these two proteins are mitochondrially encoded 
(see above). 
Most of the studies to date on mt ribosomal proteins involve 
analysis of the proteins by one- or two-dimensional gel electrophoresis. 
These studies can be roughly divided into two types. The first involves 
determination of the number of proteins which compose the mt ribosomes 
and subunits and their characterization. Animal mt ribosomes have been 
reported to contain from 70 to 100 proteins (DeVries and Van der Koogh-
Schuuring, 1973; Sacchi et al., 1973; O'Brien et al., 1974). Perhaps 
the most rigorous study has been performed by O'Brien's group which 
found a total of 84 electrophoretically distinct proteins in bovine mt 
ribosomes (Matthews et al., 1982). Yeast and Neurospora mt ribosomes 
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were found to contain 60 to 70 proteins. These are, as a group, higher 
in molecular weight and more acidic than either their cytoplasmic 
counterparts or E. coli ribosomal proteins (Lizardi and Luck, 1972; Faye 
and Sor, 1977; Lambowitz et al., 1979). 
The second type of study involves comparison of mt ribosomal 
proteins with other ribosomal proteins. In all organisms studied, mt 
ribosomal proteins appear to be totally distinct entities from the 
proteins of cytoplasmic ribosomes, as judged by electrophoretic mobility 
(Beutow and Wood, 1978; Boynton et al., 1980). In addition, in 
Neurospora, antisera raised against mt ribosomes did not react with 
cytoplasmic ribosomes, or vice-versa (Hallermayer and Neupert, 1974), 
indicating there were no similar proteins in the two ribosomes. 
Mt ribosomal proteins from different sources vary widely from one 
another. Leister and Dawid (1975) even found differences in mt 
ribosomal proteins when comparing two species of Xenopus. Matthews et 
al. (1978) have compared the mt ribosomal proteins of bovine and rat and 
found vastly different electrophoretic patterns. In contrast, most 
cytoplasmic ribosomal proteins are electrophoretically indistinguishable 
in mammals, birds and reptiles (Delaunay et al., 1973; Kuter and 
Rodgers, 1974; Fujisawa and Eliceiri, 1975). 
In Vitro Protein Synthesis With Mitochondrial Components 
Numerous studies of protein synthesis ^  vitro by mt ribosomes have 
been reported. In general, the translation systems are dependent upon, 
in addition to mt ribosomes, an energy source, mRNA, added tRNA, and a 
supernatant fraction. 
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As in procaryotes, the initiator tRNA for mt translation is fmet-
tRNA (Smith and Marcker, 1968; Galpar and Darnell, 1969, 1971; Sala and 
Kuntzel, 1970, Bianchetti, 1971). In contrast, cytoplasmic ribosomes 
use met-tRNA. Formylated met-tRNÀ has been found in the mitochondria of 
several organisms (Beutow and Wood, 1978), including HeLa cells (Galpar 
and Darnell, 1969, 1971; Lynch and Attardi, 1976) and rat liver (Smith 
and Marcker, 1968; Wallace and Freeman, 1974). 
That fmet is the initial amino acid used in mt protein synthesis 
has been demonstrated by inhibition studies using puromycin. In 
mitochondria, the addition of puromycin results in the formation of 
fmet-puromycin (Sala and Kuntzel, 1970; Galpar and Darnell, 1971; Mahler 
et al., 1972) and fmet-peptidyl-puromycin derivatives (Mahler et al., 
1972). In addition, fmet has been found in the N-terminal position of 
those mitochondrially synthesized proteins of yeasts and honeybees which 
ultimately locate in the mt inner membrane (Polz and Kriel, 1970; 
Bianchetti et al., 1971; Mahler et al., 1972; Feldman and Mahler, 1974). 
Mt protein synthesis initiation factors are associated with 
ribosomes (Haselkorn and Rothman-Denes, 1973). In Euglena, Avadhani and 
Beutow (1974) found that the salt-extractable fraction of ribosomes, 
which contains the initiation factors, could not function 
interchangeably with mt and cytoplasmic ribosomes. 
Elongation factors can be isolated from the post ribosomal 
supernatant of mitochondria or the cytoplasm of eucaryotic cells. In 
general, these elongation factors are not interchangeable between 
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mitochondria and cytoplasm (Kuntzel, 1969; Scragg, 1971; Swanson, 1973; 
Avadhani and Beutow, 1974; Lewis et al., 1976). Avadhani and Beutow 
(1974) found, however, mt ribosomes from Euglena will function with 
chloroplast elongation factors. 
There are varying reports in the literature as to whether mt 
ribosomes can use elongation factors from E. coli and vice-versa. Early 
investigations on a diversity of eucaryotes indicated mt ribosomes will 
function with elongation factors from E. coli, although in most 
instances, E. coli ribosomes were not active with mt factors (Kuntzel, 
1969; Scragg, 1971; Swanson, 1973; Avadhani and Beutow, 1974; Lewis et 
al., 1976). Recent experiments using more highly purified mt ribosomes 
have shown these ribosomes will not function with E. coli elongation 
factors but require at least one homologous factor, more specifically 
EF-G, for activity (Denslow and O'Brien, 1979; Ulbrich et al., 1980). 
The peptidyl transferase activity of mt ribosomes is inhibited by 
CAP, as is that of bacterial ribosomes; both activities are insensitive 
to anisomycin, which inhibits peptide bond formation on cytoplasmic 
ribosomes (DeVries et al., 1971; Datema et al., 1974; DeVries and Kroon, 
1974; Greco et al., 1974; O'Brien et al., 1974; Moorman and Grivell, 
1975). Mammalian mt ribosomal peptidyl transferase activity has been 
localized to the large subunit (O'Brien et al., 1974). Denslow and 
O'Brien (1978) tested the antibiotic susceptibility of the peptidyl 
transferase activity of bovine mt ribosomes and found that mt ribosomes 
were inhibited by all inhibitors of bacterial ribosome function. 
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Quantitatively, mt ribosomes were less susceptible to the lincosamines 
and macrolides which suggests that some differences do exist between mt 
and bacterial ribosomes. 
In all translation studies using mt ribosomes, tRNA (or aminoacyl-
tRNA) has been added to the system. The source of the aminoacyl tRNA 
synthetase activity in several published mt translation systems is not 
clear. Whenever an E. coli supernatant fraction is used to supplement 
the mt ribosomes, E. coli aminoacyl-tRNA synthetases are present. 
However, Denslow and O'Brien (1979) depended upon a mt supernatant 
fraction for aminoacylation of E. coli tRNA and observed protein 
synthesis activity. In contrast, Ulbrich et al. (1980) used precharged 
phenylalanine-tRNA because their mt supernatant fraction did not provide 
sufficient aminoacylation of E. coli tRNA. Avadhani and Rutman (1974) 
reported the S-25 fraction prepared from Ehrlich ascites mitochondria 
was highly active in poly(U)-directed polyphenylalanine synthesis when 
supplemented with yeast tRNA. In these studies, it is not clear whether 
the aminoacylation of tRNA by mt supernatant is due to mt aminoacyl-tRNA 
synthetases or contaminating cytoplasmic aminoacyl-tRNA synthetases. 
Inhibition of Protein Synthesis By Chloramphenicol 
CAP is produced in the fermentation broth of Streptomyces 
venezuelae (Ehrlich et al., 1947). Its chemical structure has been 
confirmed by synthesis (Controulis et al., 1949) and X-ray diffraction 
studies (Dunitz, 1952). Of the four stereoisomers of CAP, only the 
D(-)threo stereoisomer, which is the natural antibiotic, has significant 
antibacterial activity (Vazquez, 1979). 
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The inhibition of bacterial protein synthesis by CAP was first 
described by Gale and Paine (1950a, 1950b). CAP has also been shown to 
inhibit protein synthesis in blue-green algae, chloroplasts and 
mitochondria (Rendi, 1959; Mager, 1960; Anderson and Smillie, 1966; 
Rodriguez-Lopez and Vazquez, 1905). However, it does not inhibit 
eucaryotic cytoplasmic protein synthesis. 
In vitro studies have revealed that the inhibitory effect of CAP on 
polynucleotide-directed protein synthesis is a function of the template 
used (Speyer et al., 1963; Kucan and Lipmann, 1964; Vazquez, 1966b). 
Polypeptide synthesis directed by natural messages, poly(A) and 
poly(U,C) is markedly inhibited by CAP, whereas, poly(U)- and 
poly(A,U)-directed polypeptide synthesis is insensitive to the drug. 
CAP has been observed to bind to bacterial ribosomes and was 
localized to the large ribosomal subunit (Vazquez, 1966a; Lessard and 
Pestka, 1972). In addition, antibiotics that interfere with CAP binding 
are 50S inhibitors, whereas, 30S "inhibitors do not inhibit CAP binding 
(Pestka, 1977). 
CAP is a competitive inhibitor of puromycin in the formation of 
peptidyl-puromycin (Pestka, 1972). It also blocks the binding of 
aminoacyl-oligonucleotides but not N-acetyl-aminoacyl-oligonucleotides 
to the ribosomes (Celma et al., 1970; Lessard and Pestka, 1972). These 
results indicate CAP acts by blocking the ribosomal A site. 
CAP has been found to inhibit peptidyl transferase activity as 
measured by various assays (see Vazquez, 1979 for a summary). The most 
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conclusive evidence for this has been obtained in the fragment reaction 
which is the most fully resolved assay for peptide bond formation 
(Monro, 1967; Monro and Vazquez, 1967). Using a modified fragment 
reaction, Denslow and O'Brien (1978) showed bovine mt ribosomes were 
sensitive to CAP. The .peptidyl transferase activity was demonstrated to 
be a function of the large mt ribosomal subunit, which alone was also 
sensitive to CAP with respect to peptidyl transferase activity. 
Chloramphenicol Resistant Cell Lines 
In 1972, Spolsky and Eisenstadt mutagenized HeLa cells with 
ethidium bromide and selected for cells which grew in the presence of 
CAP. Several fast growing CAP resistant clones were selected, one of 
which was designated 295-1. Using isolated mitochondria permeabilized 
with Triton X-100, protein synthesis measurements demonstrated that the 
CAP resistance of the 296-1 cell line was not due to an alteration of 
membrane permeability with respect to CAP. 
Using electron microscopy, Kislev et al. (1973) showed CAP induced 
profound alterations in the mt ultra-structure of HeLa cells but not 
296-1 cells. 
By enucleating 296-1 cells (cytoplasts) with cytochalasin, Wallace 
et al. (1975) demonstrated cytoplasts prepared from CAP resistant cells 
conferred resistance to cybrids (cytoplasmic hybrids) formed by fusing 
the 296-1 cells' cytoplasts with CAP sensitive cells. This showed that 
the mutation responsible for the 296-1 cells' drug resistance was 
cytoplasmic, and along with the report of Bunn et al. (1974) was the 
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first evidence for non-nuclear mutations altering the phenotype of 
mammalian cells. 
By washing mitochondria in buffer containing EDTA, followed by 
treatment with digitonin to produce mitoplasts. Miller (1981) was able 
to isolate HeLa mt ribosomes free from contamination by cytoplasmic 
ribosomes. Using isolated mt ribosomes in poly(U,C)-directed protein 
synthesis. Miller (1981) found 296-1 mt ribosomes are insensitive to 
CAP, although, mt ribosomes are sensitive to the drug. 
Upon cloning and sequencing the 3' end of the large mt rRNA gene 
from 295-1 cells, Wallace et al. (1982) found a single base substitution 
in a highly conserved region of the gene. Similar monosubstitutions 
were found in other CAP resistant cell lines of human, mouse and yeast 
(Dujon, 1980; Kearsey and Craig, 1982; Wallace et al., 1982). These 
results strongly indicate CAP resistance is the result of an altered mt 
large rRNA gene, which confers CAP insensitivity to the mt ribosome. 
The work described in this dissertation was undertaken to further 
characterize the HeLa mt translation system, and, in particular, the CAP 
resistant mt translation system of the 296-1 cell line. The results 
obtained demonstrate HeLa mt ribosomes depend on a homologous 
supernatant fraction (S-100) for protein synthesis activity. Studies on 
the effects of CAP on poly(U,C)-directed protein synthesis by S^ and 
296-1 mt ribosomal subunits show that the cytoplasmicly inherited mutant 
gene, which confers CAP resistance to the 296-1 cell line, alters a 
component of the large subunit of mt ribosomes. This result is 
25 
consistent with the large rRNA gene sequence data reported by Wallace et 
al. (1982). 
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METHODS 
Materials 
HeLa (chloramphenicol (CAP) sensitive) and 296-1 (CAP resistant) 
cell lines were provided by Dr. Jerome M. Eisenstadt, Department of 
Human Genetic, Yale University School of Medicine. Minimum Essential 
Medium (Eagle), RPMI-1640, horse sera, calf sera, penicillin and 
streptomycin were purchased from Gibco Co. or K. C. Biological, Inc. 
DEAE-cellulose was Whatman microgranular grade DE-32. Sephacryl S-200 
and Sehadex G-lOO were products of Pharmacia. Escherichia coli, strain 
B, were purchased from the Grain Processing Corp., Muscatine, Iowa. E. 
coli tRNA was obtained from Plenum Scientific Co. and chromatographed on 
a Sephacryl S-200 column equilibrated with 0.5 M NaCl, 0.14 M Na 
acetate, pH 5, to remove high molecular weight RNAs. Poly(U), CAP, 
Triton X-100, iodoacetamide and digitonin were purchased from Sigma Co. 
Poly(U,C) was from P-L Biochemicals, Inc. RNasin was from Promega 
Biotec. Nonidet P40 was obtained from Bethesda Research Laboratories; 
Brij 58 was obtained from Pierce Chemical Co. Radioactive amino acids 
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were purchased from ICN or Amersham; [ H]uridine was obtained from ICN. 
Ultra-pure sucrose was obtained from Schwarz Mann. Pyronin Y was 
purchased from Polysciences, Inc. 
Growth of HeLa Cells 
Using sterile techniques, stock cultures of HeLa S^ and 296-1 cells 
were maintained by growing them as monolayers in Minimum Essential 
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Medium (Eagle, 1959) supplemented with. 3% horse serum, 3% calf serum, 
0.03% glutamine, 100 units/ml penicillin and 100 yg/ml streptomycin. 
Fifty lig/ml CAP was also present in the medium in which the drug 
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resistant cell line was grown. Cells on 25 cm flasks were fed every 
other day by decanting spent medium and adding five ml of fresh medium. 
Cultures were grown at 37°C in a humidity controlled, 5% CO^ atmosphere. 
When cells had grown to a confluent monolayer, they were detached 
by trypsinization and seeded into new flasks. This involved washing the 
cells two times with 5 ml of PBS buffer (0.14 M NaCl, 2.7 mM KCl, 8.1 mM 
Na^HPO^, 1.5 mM KH^PO^, 100 units/ml penicillin, 100 vg/ml streptomycin, 
pH 7.4) and then adding 3 ml of 0.1% trypsin in PBS. One to three 
minutes was allowed for the trypsin to act and then 3 ml of fresh serum-
containing medium were added to stop the action of the trypsin. Cell 
density was determined by counting the cells in a hemacytometer. A new 
4 flask containing 5 ml of fresh medium was then seeded with 5 x 10 
cells. To obtain the number of cells required to start a spinner 
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culture, cells were grown on three 75 cm flasks in a similar manner. 
For large scale growths, cells were grown in spinner cultures in 
RPMI-1640 supplemented with sera, antibiotics and glutamine in 
concentrations identical to those used with flask cultures; spinner 
cultures were started from cells on flasks. Cells were grown at 37°C 
with slow stirring. The cell density in spinner cultures was maintained 
at 3-12 X 10^ cells/ml by daily addition of the appropriate volume of 
medium after counting the cells in a hemacytometer. When culture 
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volumes reached 20-25 liters, the cells were harvested. At this time, 
500 ml of the culture would be removed and used to start another large 
scale growth. 
When it was desired to radioactively label cytoplasmic and mt 
ribosomes, two liters of the spinner culture were removed and placed in 
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a separate spinner flask. One mCi of [ Hjuridine was added to the 
culture 15-20 hours prior to cell harvest. This spinner flask was then 
incubated and harvested along with the rest of the culture. 
Under the conditions described above, both HeLa and 296-1 cell 
lines had a doubling time of 20-28 hours. 
Harvesting of HeLa Cells 
Cells were harvested from 20-25 liters of spinner culture at a cell 
density of 6-12 x 10^ cells/ml. All operations were performed on ice or 
at 4°C. 
Using a Beckman J-21C centrifuge, cells were pelleted from the 
culture medium by centrifugation in a JA 10 rotor at 2,000 rpm for 10 
minutes. The cells were washed twice with 700 ml and then once with 350 
ml of NKMT (0.13 M NaCl, 5 mM KCl, 0.15 mM MgCl^, ImM Tris-HCl, pH 7.4). 
After each wash, the cells were centrifuged as above and the final 
pellet weighed (Attardi et al., 1969). This procedure yielded 1-2 grams 
of cells per liter of spinner culture harvested. 
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Isolation of HeLa Cell Mitochondria 
Harvested cells were resuspended using 6 ml buffer per gram cells, 
in TKM (10 mM KCl, 0.15 mM MgCl^, 10 mM Tris-HCl, pH 7.4), and allowed 
to stand on ice for 20 minutes to swell in the hypotonic solution. 
Using a motor-driven Potter-Elvehjem homogenizer, the cells were broken 
by 10 strokes of the pestle. One-ninth volume of TS (2.5 M sucrose, 10 
mM Tris-HCl, pH 7.4) was added to adjust the sucrose concentration to 
0.25 M and the suspension was centrifuged in a JA 10 rotor at 3,500 rpm 
for three minutes to remove nuclei and debris. The supernatant was 
decanted and saved. The pellet was resuspended in 6 ml of TKM per gram 
of cells and the above swelling, homogenization and centrifugation steps 
were repeated. Supernatants were combined and centrifuged in a JA 14 
rotor at 11,000 rpm for 10 minutes to pellet the mitochondria. The 
pellet obtained was washed three times with STBE (0.25 M sucrose, 0.5 
mg/ml bovine serum albumin, 2 mM EDTA, 10 mM Tris-HCl, pH 7.4) using 50 
ml per gram of mitochondria. After each wash, the mitochondria were 
pelleted in the JA 14 rotor, at 14,000 rpm for 10 minutes. 
Isolation of Rat Liver Mitochondria 
Rats were starved overnight prior to killing. The animals were 
killed by slamming their heads on a hard surface, after which, their 
livers were excised, rinsed with STB (0.25 M sucrose, 0.5 mg/ml bovine 
serum albumin, 10 mM Tris-HCl, pH 7.4) and weighed. Excised livers were 
cut into small pieces and homogenized at 0°C, with 6 volumes of STB 
using a motor-driven Potter-Elvehjem tissue homogenizer. The homogenate 
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was centrifuged in the JA 10 rotor at 2,000 rpm for 10 minutes and the 
supernatant was then decanted and centrifuged in the JA 10 rotor at 
9,000 rpm for 10 minutes to pellet the mitochondria. Crude mitochondria 
were resuspended in STB, using 30-50 ml/g of pellet, and dispersed by-
hand homogenation in a Potter-Elvehjem homogenizer. This homogenate was 
centrifuged in the JA 10 rotor at 2,000 rpm for 10 minutes. The 
resulting supernatant was decanted and centrifuged at 9,000 rpm for 10 
minutes once again to pellet the mitochondria. Three additional washes 
of the mitochondrial pellet were performed, each time using 30-50 ml of 
STBE per gram of pellet; the mitochondria were pelleted after each wash 
by centrifugation in a JA 14 rotor at 9,000 rpm for 10 minutes. 
Separation of Mitochondria and Lysosomes On Sucrose Gradients 
To study the contamination of mt preparations with lysosomes, rats 
were injected with Triton WR 1339 as described by Wattiaux et al. 
(1963). In our experiment, 11 male rats weighing 200-220 g were each 
injected with 170 mg of Triton WR 1339 dissolved in 1 ml of isotonic 
saline. Injections were into the rats' tail veins. 
Four days after the injections, the rats were killed and their 
liver mitochondria were isolated as described in the previous section. 
One to two grams of mitochondria in 3 to 5 ml STB buffer were layered 
atop thirty-three ml linear 1-1.9 M sucrose gradients prepared in buffer 
T (6 mM B-mercaptoethanol, 10 mM Tris-HCl, pH 7.4). Gradients were then 
centrifuged for 2 hours at 27,000 rpm in a Beckman SW 27 rotor and 0.5 
ml fractions collected. The absorbance at 260 nm was measured and each 
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fraction was analyzed for cytochrome c oxidase and acid phosphatase 
activity. Cytochrome c oxidase activity was determined by the procedure 
of Hodges and Leonard (1974). Acid phosphatase activity was determined 
using the assay of Hofstee (1954), except that 0.1% Triton X-100 was 
present in the reaction mixture to disrupt intact lysosomes (Bowers et 
al., 1967). Mitochondria containing fractions were pooled, diluted with 
STB buffer and centrifuged in the JA 20 rotor at 12,000 rpm to pellet 
the mitochondria. 
Digitonin Treatment of Mitochondria 
Washed mitochondria (HeLa or rat liver) were resuspended in 1 ml of 
STB per 2 grains of original cells. An equal volume of 2 mg/ml digitonin 
in STB was added with stirring on ice; stirring was continued for 20 
minutes (Greenawalt, 1974). Next, three volumes of STB were added and 
the suspension was centrifuged in the JA 14 rotor for 10 minutes at 
14,000 rpm. The resulting pellet and any loosely packed material were 
washed once with STB and the centrifugation repeated. 
Storage of Mitochondria 
When necessary, mitochondria were stored frozen at -70°C as 
described by Matthews et al. (1982). Digitonin treated mitochondria 
were washed once in Buffer F (0.25 M sucrose, 40 mM KCl, 15 mM MgCl^, 
5 mM g-mercaptoethanol, 0.8 mM EDTA, 50 yM spermine, 50 yM spermidine, 
14 mM Tris-HCl, pH 7.4) and centrifuged in the JA 14 rotor for 10 
minutes at 14,000 rpm. The pellet obtained was resuspended in a small 
volume of buffer F and stored at -70°C. 
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Isolation of Mitochondrial Ribosomes 
Digitonin treated mitochondria (frozen or fresh) were resuspended 
in KM Q^EDT (100 mM KCl, 30 mM MgCl^, 0.1 mM EDTA, 1 mM dithiothreitol, 
10 mM Tris-HCl, pH 7.4) at a concentration of 5-20 mg mt protein per ml, 
as determined by the biuret method (Gornall et al., 1949). One-ninth 
volume of a detergent solution containing 5% Nonidet P40 and 5% Brij 58 
was added and the mixture was homogenized by hand using a Potter-
Elvehjem homogenizer. The lysate was centrifuged for 20 minutes in a JA 
20 rotor at 16,000 rpm and the resulting supernatant was layered atop 3 
ml pads of 1 M sucrose prepared in KM Q^EDT in ten ml centrifuge tubes. 
These were centrifuged 9-16 hours in a Beckman Ti 80 rotor at 50,000 
rpm. Immediately after centrifugation, the supernatant was removed and 
the ribosome pellets were dissolved in a small volume (usually 300 yl) 
of KM Q^EDT with the aid of homogenization. The ribosome solution was 
clarified by centrifugation in a JA 20 rotor for 20 minutes at 16,000 
rpm and then divided into aliquots and stored frozen in liquid nitrogen 
(low-salt ribosomes). Mt ribosome concentration was estimated by 
measuring the absorbance at 260 nm; (8 units / mg mt ribosomes). 
High salt-washed mt ribosomes were prepared by diluting low-salt 
ribosomes approximately twenty fold into high salt buffer (K^ Q^M^EDT: 
500 mM KCl, 5 mM MgCl^j 0.1 mM EDTA, 1 mM dithiothreitol, 10 mM Tris-
HCl, pH 7.4). The solution was layered atop a 1 M sucrose pad prepared 
in K Q^QM-EDT and centrifuged for nine hours in a Ti 80 rotor at 50,000 
rpm. The resulting ribosome pellet was resuspended in a small volume of 
33 
KM Q^ EDT, homogenized and the suspension was clarified by centrifugation 
at 16,000 rpm in the JA 20 rotor for 20 minutes. High-salt ribosomes 
were stored frozen in liquid nitrogen. 
Isolation of Mitochondrial Ribosomal Subunits 
To prepare subunits, mt ribosomes isolated as described above, were 
pelleted through 1 M sucrose pads prepared in buffer K Q^ Q M.EDT. After 
resuspension in 1 ml of K.^^M^EDT and clarification, the ribosomes were 
layered atop a 10-30% sucrose gradient prepared in buffer K Q^ QM_EDT and 
centrifuged for 90 minutes at 50,000 rpm in a Beckman VTi 50 rotor. The 
gradient was then fractionated and the of each fraction determined. 
Fractions containing 30S and 40S subunits were pooled separately and the 
subunits were precipitated by the addition of polyethylene glycol (8,000 
M.W.) to a final concentration of 10 percent, (Honig and Kula, 1976). 
After standing on ice for 30 minutes, with occassional stirring, the 
precipitates were collected by centrifugation at 12,000 rpm for 10 
minutes in a JA 20 rotor. Precipitated 30S material was dissolved in a 
small volume of KM Q^ EDT buffer and stored frozen in liquid nitrogen. To 
purify 40S subunits further, the precipitated subunits were dissolved in 
a small volume of K^^^M^EDT and again sedimented in a 10-30% sucrose 
gradient as above. The 40S material from this gradient was precipitated 
with polyethylene glycol, resuspended in a small volume of KM-„EDT 30 
buffer and stored frozen in liquid nitrogen. Subunit concentration was 
estimated by measuring the absorbance at 260 nm; (8 units / mg 
subunits). 
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Sucrose Gradient Analysis of Mt Ribosotnes and Ribosomal Subunits 
Mt ribosome preparations were analyzed on 10-30% sucrose gradients 
prepared in KM Q^EDT buffer. Samples of 250 yl, or less, were layered 
atop 5 ml gradients prepared in VTi 65 rotor tubes. Gradients were then 
centrifuged at 40,000 rpm for 45 minutes at 2°C. Larger samples 
(0.25-1.5 ml) were analyzed on 40 ml gradients prepared in KM Q^EDT 
buffer in VTi 50 rotor tubes. These gradients were centrifuged at 
50,000 rpm for 60 minutes at 2°C. Ribosomal subunits were also analyzed 
on 10-30% sucrose gradients as above, except that the gradients were 
prepared in K. Q^M^EDT buffer. In these experiments, VTi 65 rotor tubes 
were centrifuged for 60 minutes at 40,000 rpm at 2°C and VTi 50 rotor 
tubes were centrifuged for 90 minutes at 50,000 rpm at 2°C.. 
After centrifugation, gradients were fractionated. If the samples 
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were labeled with [ H]uridine, an aliqout of each fraction was diluted 
with 1 volume of H^O and 20 volumes of Triton-toluene scintillation 
cocktail (2 liters toluene + 1 liter Triton X-100 + 13 g of PPG) and 
counted. Unlabeled ribosomes were detected by measurement of the 
absorbance at 260 nm. 
Isolation of Escherichia coli Ribosomes 
Frozen E. coli strain B cells (3/4 log phase) grown in enriched 
medium (Grain Processing Co., Muscatine, Iowa) were thawed and ground in 
a precooled mortar with two equivalents of Alumina 305 (Alcoa). After 
grinding, three volumes of TMA^ (60 mM NH^Cl, 10 mM MgCl^, 6 mM 
P-mercaptoethanol, 10 mM Tris-HCl, pH 7.4) containing 3 ug of DNase were 
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added. The mixture was stirred and then centrifuged for five minutes at 
2,000 rpm in the JA 14 rotor. Following two centrifugations in the JA 
14 rotor at 14,000 rpm for 20 minutes, the resulting supernatant was 
decanted, layered atop 1 M sucrose pads prepared in TMA^ and centrifuged 
in a Ti 45 rotor at 40,000 rpm for nine hours. The pellets obtained 
were resuspended in several ml TMA^ by hand homogenation with a Potter-
Elvehjem homogenizer, and the solution clarified by centrifugation in a 
JA 20 rotor at 16,000 rpm for 20 minutes. The supernatant from this was 
again layered over a 1 M sucrose pad prepared in TMA^ and centrifuged in 
the Ti 80 rotor for nine hours at 50,000 rpm. The high speed pellet 
obtained was resuspended in a small volume of TMA^ and the ribosomes 
were stored frozen in liquid nitrogen. 
Isolation of Mitochondrial S-100 
Digitonin treated mitochondria were ground in a precooled mortar 
with three equivalents of Alumina 305. Ten volumes of K_„„M^EDT were dOO 5 
added and then the Alumina was removed by centrifugation at 2,000 rpm 
for five minutes in the JA 20 rotor. Following a 20 minute 
centrifugation at 16,000 rpm in the JA 20 rotor, the resulting 
supernatant was centrifuged in a Ti 80 rotor at 50,000 rpm for four 
hours. The upper two-thirds of this high speed supernatant was decanted 
and concentrated in an Amicon model 12 ultrafiltration device using a PM 
10 filter (10,000 MW cut off). This concentrate was dialyzed overnight 
against KM Q^EDT and its protein content was estimated by measuring 
absorbances at 260 and 280 nm, (Warburg and Christian, 1941). 
Concentrated mt S-100 was stored frozen in liquid nitrogen. 
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Isolation of Cytoplasmic S-100 
Rat livers were homogenized in two volumes of buffer S (10 mM KCl, 
10 mM MgCl^, 6 mM g-mercaptoethanol, 100 mM Tris-HCl, pH 7.4) using a 
motor-driven homogenizer. The homogenate was centrifuged in a JA 20 
rotor at 16,000 rpm for 20 minutes, the supernatant was decanted, and 
ribosomes pelleted by centrifugation for four hours in a Ti 80 rotor at 
50,000 rpm. The upper two-thirds of the high speed supernatant was 
chromatographed on a Sephadex G-lOO column, equilibrated with buffer S. 
The excluded material in the initial ^280 was collected and stored 
frozen at -70°C. 
Isolation of Escherichia coli S-100 
E. coli cells were ground with Alumina as described for the 
isolation of E. coli ribosomes. To this paste, several volumes of TMA^ 
were added and the entire mixture was centrifuged for five minutes at 
2,000 rpm in a JA 20 rotor. After a second centrifugation in the JA 20 
rotor at 20,000 rpm for 20 minutes, the resulting supernatant was 
further centrifuged for three hours at 65,000 rpm in a Ti 80 rotor. The 
upper two-thirds of this high speed supernatant was removed and dialyzed 
for 16 hours against buffer C (1 mM KH^PO^, 20 mM B-mercaptoethanol, 10% 
polyethylene glycol, 10% glycerol, pH 6.8). The dialyzed S-100 was 
stored frozen at -70°C in small aliquots. For use in aminoacylation and 
protein synthesis assays, an aliquot was thawed and diluted with KM Q^EDT 
buffer. 
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Isolation of Mitochondrial tRNA 
Three kg of fresh cow liver was cut into small pieces, washed in 
KSET buffer (0.154 M KCl, 0.25 M sucrose, 1 mM EDTA, 10 mM Tris-HCl, pH 
7.4) and homogenized with two volumes of KSET in a Waring blender for 30 
seconds. The homogenate was centrifuged in a JA 10 rotor for 10 minutes 
at 2,000 rpm and mitochondria pelleted from the supernatant by 
centrifugation at 9,000 rpm for 10 minutes in a JA 10 rotor. After 
resuspending the resulting pellet by gentle hand homogenation in 6 
volumes of KSET using a Potter-Elvehjem homogenizer, the suspension was 
centrifuged at 2,000 rpm for 10 minutes to remove remaining nuclei and 
cell debris before the mitochondria were again pelleted by 
centrifugation at 9,000 rpm for 10 minutes. The mitochondria were then 
washed three times with SET (0.25 M sucrose, 1 mM EDTA, 10 mM Tris-HCl, 
pH 7.4) and then resuspended to a final volume of 300 ml in NaSET (0.1 M 
NaCl, 0.25 M sucrose, 1 mM EDTA, 10 mM Tris-HCl, pH 7.4). To degrade 
any remaining cytoplasmic RNA, the mitochondria were treated with 5 
Tig/ml of RNase A (pretreated by heating to 80°C for 10 minutes) for 10 
minutes at 2°C. This mixture was then diluted five fold with SET and 
centrifuged at 9,000 rpm for 10 minutes to pellet the mitochondria. 
After this, the mitochondria were stored frozen at -70°C. 
To the frozen RNase-treated mitochondria, one volume of buffer L 
(0.14 mM NaCl, 0.14 mM Na acetate, pH 5.0) and one volume of phenol 
(buffer saturated) were added. This mixture was shaken for one hour at 
room temperature, followed by centrifugation for 10 minutes in the JA 10 
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rotor at 2,000 rpm, to aid in phase separation. The aqueous phase was 
saved and the phenolic phase was reextracted with buffer L. The two 
aqueous phases were combined and reextracted twice more with phenol. 
RNA was precipitated from the final aqueous phase by addition of two 
volumes of ethanol, and stored overnight at -20°C. The ethanol 
precipitated material was collected by centrifugation, dissolved in 
buffer L and treated two more times with phenol as just described. 
Following a second ethanol precipitation, the RNA was dissolved in 0.5 M 
NaCl, 0.1 M Na acetate, pH 5, and chromatographed on a Sepacryl S-200 
column equilibrated with 0.5 M NaCl, 0.1 M Na acetate, pH 5. The peak 
containing tRNA was ethanol precipitated, dissolved in H^O and stored 
frozen at -70°C. 
Polyacrylamide Gel Electrophores is of tRNAs 
Transfer RNAs were analyzed by electrophoresis in 15 x 12 x 0.15 cm 
slab gels. Twenty percent polyacrylamide gels (aerylamide:bis-
acrylamide, 30:1) were prepared in electrophoresis buffer (7 M urea, 1 
mM EDTA, 50 mM Tris-acetate, pH 8.0) and polymerized by the addition of 
0.033% (NH^)2S20g and 0.067% TEMED. RNA samples were mixed with equal 
volumes of electrophoresis buffer containing 40% sucrose and 0.1% 
bromphenol blue, and applied to the gel. Electrophoresis was carried 
out at 15 milliamps for 14 hours. RNAs in the gel were detected by 
staining with 1% pyronin Y in 15% acetic acid, followed by destaining in 
7.5% acetic acid. 
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Aminoacylation of tRNA 
Aminoacylation assays were performed in 100 ul reaction mixtures 
containing 100 mM HEPES, pH 7.4, 10 mM KCl, 10 mM ATP, 1 mM 
dithiothreitol, 20 mM MgCCH^COO)^, 2 liM [^H]phenylalanine (30-60 
Ci/mmole), tRNA and S-100 as indicated. The assay tubes were incubated 
for 20 minutes at 37°C at which time 2 ml of cold 5% TCA was added to 
each tube to stop the reaction. After cooling on ice, each reaction 
mixture was filtered onto a Millipore filter (0.45 ym pore size). The 
filters were dried and counted in a toluene based scintillation cocktail 
(4 liters toluene + 21 g PPO + 0.42 g POPOP). 
Preparation of [^HTphe-tRNA 
3 Three mg of E. coli tRNA were charged with [ H]phenylalanine(57 
Ci/mmole) using E. coli S-100 as described above, and the aminoacyl-tRNA 
was isolated using the procedure of Vickers and Logan (1972). The 
3 [ H]phe-tRNA was adsorbed to DEAE-cellulose in 0.1 M NaCl, 0.1 M Na 
acetate, pH 5 and then washed three times with 10 volumes of the same 
buffer. Next, the tRNA was eluted with 1.0 M NaCl, 0.1 M Na acetate, pH 
5. The eluate was ethanol precipitated twice; the final precipitate was 
dissolved in H^O and stored frozen at -70°C. 
Poly(U)-directed Protein Synthesis 
Assays were performed in 100 lil reaction mixtures containing the 
following; 12 mM Tris-HCl, pH 7.4, 22 mM (NH^)2S0^, 0.5 mM 
dithiothreitol, 5 mM g-mercaptoethanol, 1 mM ATP, 0.35 mM GTP, 4 mM PEP, 
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2 units PKase, 2 yM [^H]phenylalanine (50-60 Ci/mmole), 15 mM 
MgCCH^COO)^, 0.30 mg/ml E. coli tRNA, 0.50 mg/ml poly(U), S-lOOs and 0.2 
- 0.4 (8-16 picomoles) ribosomes. Reaction mixtures were incubated 
at 37°C for 60-150 minutes and the reactions were stopped by addition of 
2 ml 5% TCA. The tubes were then heated to 90°C for 20 minutes and 
after cooling on ice, the reaction mixtures were filtered onto Millipore 
filters, dried and counted in a toluene based scintillation cocktail (4 
liters toluene + 21 g PPO + 0.42 g POPOP). The counting efficiency was 
40 percent. 
PolyÇU,C)-directed Protein Synthesis Assay 
Assays were performed as described for poly(U)-directed protein 
synthesis, except that the 50 ul reaction mixtures contained 0.25 mg/ml 
poly(U,C) in place of poly(U). Nonradioactive proline and serine at a 
concentration of 5yM each were also present. 
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RESULTS 
Isolation of Mitochondrial Ribosomes 
For the experiments undertaken in this study, it was essential that 
mt ribosome preparations be free of contamination by cytoplasmic 
ribosomes. In this laboratory. Miller (1981) showed that mitochondrial 
(mt) ribosomes could be prepared free of cytoplasmic ribosomes by 
washing mitochondria in EDTA-containing buffer, followed by a digitonin 
treatment of the mitochondria prior to lysis and subsequent isolation of 
the ribosomes. To clearly illustrate the effects of digitonin, and to 
optimize the recovery and purity of mt ribosomes, a more detailed study 
using EDTA-washed mitochondria was performed. 
Mitochondria were isolated from HeLa cells grown in the presence of 
3 [ Hjuridine, to label the rRNA, and treated with various concentrations 
of digitonin. Ribosomes were prepared from these mitochondria and their 
sedimentation patterns in sucrose gradients were observed (Figure 1). 
The 55S peaks observed in Figure 1 are mt monoribosomes; the 40S and 30S 
peaks are the large and small mt ribosomal subunits, respectively. 
Figure lA shows that without digitonin treatment cytoplasmic ribosomes 
(74 S) contaminated the preparation. Digitonin treatment removed the 
cytoplasmic ribosomal contamination but increasing concentrations of 
digitonin decreased the yield of mt ribosomes. The results in Figure 1 
show that a ratio of 1 mg of digitonin per 10 mg of mt protein gave 
optimum yields of mt ribosomes, uncontaminated by cytoplasmic ribosomes. 
Figure 1. Sedimentation profiles of mt ribosoraes isolated from 
mitochondria treated with digitonin 
3 Mitochondria were isolated from [ H]uridine labeled cells as 
described in the Methods. The mt preparation was divided 
into four equal portions and treated with various digitonin 
concentrations: A) none, B) 0.67 mg, C) I.O mg, and D) 1.5 
tug of digitonin per 10 mg of mt protein. Ribosomes were 
isolated and analyzed on 10-30% sucrose gradients as 
described in the Methods. 
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Figure 1 also shows that a large percentage of mt ribosomes are 
present as subunits. Attempts to isolate a larger fraction of the 
ribosomes as monoribosomes have been largely unsuccessful. As with 
other ribosomes, the distribution of mammalian mt monoribosomes and 
2+ + + 
subunits is dependent upon the Mg /K or Na ratio in the isolation 
medium (O'Brien, 1971). Figure 2 illustrates the effect of increasing 
2+ Mg concentration on the sucrose gradient centrifugation profile of 
ribosome preparations. A maximum of 60% monoribisomes was observed at 
2+ 2+ 30 mM Mg ; raising the Mg concentration beyond this had no effect. 
During the isolation of cytoplasmic ribosomes and ribosomal 
subunits from a variety of eucaryotes, a limited degradation of 
ribosomal proteins has been observed (Ostner and Hultin, 1968; Martini 
and Gould, 1975; Hallberg and Sutton, 1977). In addition, protease 
activity has been reported in the mt fraction of mammalian cells 
(Katunama et al., 1975; Aoki, 1978). Petridou et al. (1983) used the 
protease inhibitor iodoacetamide to isolate active cytoplasmic ribosomal 
subunits from Tetrahymena thermophila. For these reasons, the effect of 
iodoacetamide on HeLa mt ribosomes was investigated. Comparison of the 
sucrose gradient profiles in Figure 3 shows no significant differences 
between mt ribosomes isolated in the presence or absence of 
iodoacetamide. (The radioactivity observed in fraction number 22 of 
Figure 3A was not observed in other similar experiments, for example, 
see Figure 1, and is probably not due to labeled ribosomal material 
sedimenting at this position.) Because iodoacetamide showed no effect 
Figure 2. Effects of Magnesium concentration on the fraction of mt 
ribosomes isolated as monoribosomes 
3 Mt ribosomes were isolated from [ H]uridine labeled HeLa 
2+ 
cells as described in the Methods except that the Mg 
concentration in the lysis buffer (typically KM Q^EDT) was 
varied. The fraction of ribosomes present as subunits and 
monoribosomes was determined from the sucrose gradient 
sedimentation profile. Percentage present as 30 S (A A); 
40 S (• a) ; and 55 S (•———•) . 
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Figure 3. Sedimentation profiles of mt ribosomes isolated in the 
presence and absence of iodoacetamide 
3 Mt ribosomes were isolated from [ HJuridine labeled HeLa 
cells as described in the Methods A) without or B) with 5 mM 
iodoacetamide. Ribosomes were analyzed on 10-30% sucrose 
gradients as described in the Methods. 
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on the ribosome's sedimentation profile, it was not routinely used in 
the mt ribosome preparation procedure. 
Protein Synthesis Activity of Mitochondrial Ribosomes 
HeLa mt ribosomes, prepared as described, are active in ^  vitro 
polynucleotide-directed protein synthesis. Table 1 shows protein 
synthesis activity by low salt rat liver mt ribosomes is dependent upon 
the addition of E. coli S-100, and E. coli tRNA. Miller (1981) obtained 
similar results for low salt HeLa mt ribosomes and, in addition, showed 
the activity was also dependent upon an energy source and message. 
Figure 4 demonstrates that activity is linearly dependent on added mt 
ribosomes up to a value of at least 1 ribosomes per assay. Protein 
synthesis activity was linear with respect to time for at least 3 hours 
(data not shown). 
It has been reported that polyamines can stimulate vitro protein 
2+ 
synthesis, even at optimal Mg concentrations (Ulbrich et al., 1980; 
2+ Abraham and Pihl, 1981). For this reason, the effects of Mg and 
spermidine on protein synthesis by mt ribosomes were investigated. 
Figure 5 shows the dependence of poly(U)-directed protein synthesis by 
2+ 
rat liver mt ribosomes on Mg concentration. Results show optimal 
activity was observed at 15 mM. Additional assays were performed at 
2+ 
various spermidine concentrations at 5, 10 and 15 mM Mg . The results 
2+ 
obtained are shown in Figure 6. At low Mg concentrations, spermidine 
stimulated protein synthesis to levels similar to those observed at the 
2+ 2+ 
optimal Mg concentration. However, at higher Mg concentrations, 
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Table 1. Requirements for protein synthesis by mt ribosomes 
in vitro 
Reaction Mix^ [^H]phe incorp. (CPM) % 
complete 78,100 100 
-Ribosomes 16,300 21 
-E. coli S-100 8,700 11 
-E. coli tRNA 19,700 25 
^Assays were performed as described in the Methods 
using low salt isolated HeLa mt ribosomes. Incubations were 
for 60 minutes. 
Figure 4. Dependence of poly(U)-directed protein synthesis activity on 
mt ribosomes 
Assays were performed as described in the Methods using HeLa 
mt ribosomes. Assays contained 75 y.g/ml E. coli S-100 and 
1.15 mg/ral mt S-100. Incubations were for 90 minutes. 
[ H]phenylalanine Incorporated (CPM x 10 
Figure 5. Effects of Magnesium concentration on poly(U)-directed 
protein synthesis by rat liver mt ribosomes 
PolyCU)-directed protein synthesis assays were performed as 
described in the Methods using rat liver mt ribosomes, 75 
Vg/ml E. coli S-lOO, 1.15 mg/ml rat liver mt S-100 and Mg^"*" 
as indicated. Incubations were for 60 minutes. 
[ H]phenylalanine incorporated (CPM x 10 
Nî -P^  0\ 
Figure 6. Effect of spermidine on poly(U)-directed protein synthesis by 
rat liver mt ribosomes 
2+ 
Spermidine concentration curves were run at three Mg 
concentrations. Assays were performed as described in Figure 
24-5 using Mg concentrations of 5mM (• •) ; 10 mM 
(• •) ; and 15 mM (A —A). 
[ H]phenylalanine incorporated (CPM x 10 ) 
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addition of spermidine decreased protein, synthesis activity. These 
2+ 
results indicate a combination of Mg and spermidine is no more 
2+ 
effective than Mg alone, at optimal concentration, for activity. 
Requirement of Mitochondrial S-100 for Mt Protein Synthesis 
High salt washes are known to remove proteins from mt ribosomes 
(Denslow and O'Brien, 1979). To determine the effect of high salt 
treatment on the protein synthesis activity of HeLa mt ribosomes, the 
ribosomes were washed with buffer containing 500 mM KCl (K.QQM^EDT; see 
Methods). Table 2 shows that after washing with high salt, mt ribosomes 
were no longer active in pol(U)-directed protein synthesis in an assay 
system containing E. coli S-100 as the only source of soluble factors. 
However, when a mt S-100 fraction was added to the system, activity was 
restored. Table 2 shows that addition of mt S-100 also stimulated 
activity of low-salt mt ribosomes over that observed with E. coli S-100 
alone. 
The effects of both E. coli S-100 and mt S-100 on poly(U)-directed 
protein synthesis were investigated in greater detail using rat liver mt 
ribosomes and rat liver mt S-100. Figures 7 and 8 show that neither mt 
S-100 nor E. coli S-100 alone was sufficient for efficient protein 
synthesis by high salt washed mt ribosomes. Rather, both S-lOOs were 
required for the activity of these ribosomes. 
Both the E. coli S-100 concentration curve in the presence of mt 
S-100 (Figure 7) and the mt S-100 concentration curve in the presence of 
E. coli S-100 (Figure 8) showed optimal activity at the indicated S-100 
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Table 2. The effects of high salt wash on poly(U)-directed 
protein synthesis by HeLa mt ribosomes^ 
[^H]phe incorp. (CPM)^ 
E. coli S-100 mt S-100 low-salt high-salt 
(30 ug) (20 ug) mt ribosomes mt ribosomes 
+ 
+ 
+ 
0 
88,500 
1,080 
307,000 
0 
12,800 
2,310 
153,000 
^Assays were performed as described in the Methods using 
0.2 ribosomes per assay and 57 Ci/mmole [3H]phenylalanine. 
Incubations were for 60 minutes. 
^Background values from assays run in the absence of S-100, 
have been subtracted. Backgrounds were 4,330 cpm for low salt 
treated ribosomes and 4,120 cpm for high-salt washed ribosomes. 
Figure 7. Effects of E. coli S-100 concentration on poly(U)-directed 
protein synthesis by rat liver mt ribosomes in the absence 
and presence of mt S-100 
High salt washed rat liver mt ribosomes were prepared and 
assayed as described in the Methods. Incubations were for 60 
minutes. Varying amounts of E. coli S-100 protein were added 
as indicated. Rat liver mt S-100 was absent (• •) ; or 
present (# •) at 1.15 mg protein per ml. 
[ H]phenylalanine incorporated (CPM x 10 
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Figure 8. Effects of mt S-100 concentration on rat liver mt ribosomal 
protein synthesis in the presence and absence of E. coli 
S-100 
Ribosomes were prepared and assayed as described in Figure 7. 
Varying amounts of mt S-100 protein were added as indicated. 
E. coli S-100 was absent (• •) ; or present (#——#) at 
75 yg protein per ml. 
3 -4 [ Hjphenylalanine Incorporated (CMP x 10 ) 
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concentrations; activity declined upon.further addition of S-100. The 
reasons for the inhibitory effects of excess S-100 are not clear. 
However, this phenomenon was not limited to mt ribosomes or mt S-100. A 
similar effect was observed for E. coli S-100 in a poly(U)-directed 
protein synthesis assay using E. coli ribosomes (Figure 9). 
To determine whether homologous mt S-100 preparations were more 
effective than heterologous ones, mt S-lOOs prepared from HeLa cells and 
rat livers were compared for their abilities to stimulate protein 
synthesis activity by high salt washed HeLa mt ribosomes. The results 
shown in Figure 10 demonstrate both mt S-100 preparations restored 
activity to high salt washed HeLa mt ribosomes, however, HeLa mt S-100 
was more effective than rat liver mt S-100. 
Aminoacy1-tRNA Synthetase Activity of Mitochondrial S-100 
In the previous section, it was demonstrated that protein synthesis 
activity by high salt washed mt ribosomes required both mt and E. coli 
S-100. It was desirable to know the function(s) of each S-100 in the 
system. The ability of mt S-100 to aminoacylate E. coli tRNA with 
phenylalanine was, therefore, tested. The results are shown in Figure 
11. They indicate that mt S-100 was capable of aminoacy1ating E. coli 
tRNA, though much less effectively than E. coli S-100. Heating the 
reaction tube to 90°C after adding TCA resulted in the loss of the 
3 [ H]labeled precipitable material (Figure 11), indicating that the 
radioactivity was not incorporated into polypeptides. 
Figure 9. Effects of E. coli S-100 concentration on poly(U)-directed 
protein synthesis by E. coli ribosomes 
E. coli ribosomes isolated as described in the Methods were 
assayed for protein synthesis at various E. coli S-100 
concentrations. Assays were performed as described in the 
Methods using 0.2 A^^g (4 picomoles) ribosomes per assay and 
3 [ H]phenylalanine at 57 Ci/mmole. Incubations were for 60 
minutes. 
[\]phenylalanine Incorporated (CPM x 10 
o N> 
o 
w 
o 
OQ 
w 
o 
G 
H 
H. 
w 
I 
H 
o 
o 
o 
vo 
Figure 10. Comparison of the effects of HeLa and rat liver mt S-lOOs on 
poly(U)-directed protein synthesis by HeLa mt ribosomes 
High salt washed HeLa mt ribosomes were prepared and assayed 
for protein synthesis activity as described in the Methods. 
E. coli S-100 was present at 75 lig/ml, as were varying 
concentrations of HeLa (# #) or rat liver (• h) mt 
S-100. Incubations were for 60 minutes. 
[ H]phenylalanine incorporated (CPM x 10 
vo .o\ 
3 Figure 11. Aminoacylation of E. coli tRNA with [ H]phenylalanine by mt 
and E. coli S-100 
Aminoacylation assays were performed as described in 
Methods, using 2 mg E. coli tRNA per ml. E. coli S-100 
concentration curve (9 •); rat liver mt S-100 
concentration curve (#——#) ; an assay (containing mt 
S-100) heated to 90°C for 20 minutes after addition of TCA 
(•) ; assay containing mt S-100, minus tRNA (O). 
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The low activity of mt S-100 in aminoacylating E. coli tRNA with 
phenylalanine could be due to mt aminoacyl-tRNA synthetases not 
effectively recognizing E. coli tRNA as a substrate. Therefore, mt tRNA 
was prepared from bovine liver for use in aminoacylation studies. 
Figure 12 shows the electrophoretic mobility of mt tRNA on a 
polyacrylamide gel; for comparison, the mobility of E. coli tRNA is also 
shown. The results indicate that mt tRNA contains components which 
migrate faster than E. coli tRNA and presumably represent smaller 
molecular species. This is in agreement with results of Roe et al. 
(1981). 
Figure 13 shows the aminoacylation of mt tRNA with phenylalanine by 
E. coli and mt S-100. Clearly, the mt S-100 was more efficient (per yg 
of protein) than was the E. coli S-100 in aminoacylating mt tRNA. The 
rate and extent of aminoacylation were low compared to those of E. coli 
tRNA by its homologous S-100 (Figure 11), but was nevertheless 
appreciable. 
To test the specifity of the aminoacylation of mt tRNA by mt S-100, 
the ability of cytoplasmic S-100 to aminoacylate mt tRNA was examined. 
Figure 14 shows the aminoacylation of mt tRNA with phenylalanine by 
cytoplasmic and mt S-100. The results show cytoplasmic S-100 was more 
efficient in carrying out the aminoacylation reaction than was mt S-100. 
Function of E. coli S-100 in Mitochondrial Protein Synthesis 
An vitro protein synthesis system not dependent upon aminoacyl-
tRNA synthetase activity was obtained by replacing phenylalanine and E. 
Figure 12. Polyacrylamide gel electrophoresis of mt tRNA 
Polyacrylamide gel electrophoresis was performed as 
described in the Methods. 2, 5 and 10 yg E. coli tRNA were 
applied to lanes 1, 2 and 3, respectively. 8, 15 and 25 yg 
mt tRNA were applied to lanes 4, 5 and 6, respectively. 
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Figure 13. Aminoacylation (phenylalanine) of mt tRNA by E. coli and mt 
S-100 
Aminoacylation assays were performed as described in the 
Methods, in reaction mixtures containing 1.6 mg/ml mt tRNA. 
Assays contained no S-100 (• •); 60 vg/ml E. coli S-100 
(•A ^) ; or 1.15 mg/ml rat liver mt S-100 (• *) . 
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Figure 14. Aminoacylation (phenylalanine) of mt tRNA by cytoplasmic and 
mt S-100 
Assays were performed as in Figure 13 and contained no S-100 
(A——A); 2 mg/ml cytoplasmic S-100 (# #) ; or 2 mg/ml 
rat liver mt S-100 (• #) . 
3 -5 [ H]phenylalanine Incorporated (CPM x 10 ) 
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coli tRNA with precharged [ H]phe-tRNA (E. coli). Using this system, 
the effects of mt S-100 and E. coli S-100 on mt ribosomal protein 
synthesis were investigated. Figure 15 demonstrates that mt S-100 alone 
was sufficient for effective incorporation of amino acid into protein 
from precharged tRNA by high salt washed rat liver mt ribosomes. These 
ribosomes showed little activity when E. coli S-100 was used (Figure 
15). The activity observed with mt S-100 was not stimulated by the 
addition of E. coli S-100 (Table 3). 
These results are in contrast to those obtained in the protein 
synthesis assay system which depends upon aminoacyl-tRNA synthetase to 
charge phenylalanine to tRNA (see Figures 7 and 8). Taken together, the 
results indicate that the function of the E. coli S-100 in the protein 
synthesis assay is to aminoacylate the tRNA (E. coli) required for 
activity (see Table 2). 
Mitochondrial S-100 Contains an Inhibitor of Protein Synthesis 
The effects of mt S-100 on protein synthesis by E. coli ribosomes 
were also investigated. It was found that mt S-100 could not substitute 
for E. coli S-100 in the assay system (Figure 16). In addition, mt 
S-100 was shown to inhibit protein synthesis by E. coli ribosomes in the 
presence of the required E. coli S-100 (Figure 16). 
Due to a similarity in density, lysosomes are known to contaminate 
mt preparations isolated by differential centrifugation (Vignais and 
Nachbaur, 1968). Since lysosomes contain protease and nuclease 
activities, it was thought that the inhibition of protein synthesis by 
mt S-100 could be due to the presence of lysosomal enzymes. 
Figure 15. Effects of mt and E. coli S-100 on poly(U)-directed protein 
synthesis by rat liver mt ribosomes using precharged 
[^H]phe-tRNA 
Assays were similar to those described in Figure 7 except 
3 3 that [ H]phe and E. coli tRNA were replaced with [ H]phe-
tRNA (E. coli) (57 Ci/mmole) and incubations were for 
20 minutes. Rat liver mt S-100 (# #); E. coli S-100 
(• •) • 
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Table 3. Poly(U)-directed protein synthesis by rat mt ribosomes 
3 a 
with precharged [ H]phe-tRNA 
E. coli S-100 mt S-100 3 [ H]phe incorp. 
(7.5 ug) (115 ug) (CPM)^ 
- - 20 
+ 
- 460 
- + 8,890 
+ + 8,020 
^Assays were performed as described in Figure 14 with high 
salt washed rat liver mt ribosomes. 
Corrected for backgrounds, assays minus ribosomes, which 
ranged from 780 to 980 cpm. 
Figure 16. Effects of mt S-100 on poly(U)-directed protein synthesis by 
E. coli ribosomes 
Assays were performed as in Figure 9. E. coli S-100 was 
presented at 0.30 mg per ml. Varying amounts of HeLa mt 
S-100 were present as indicated. 
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Mitochondria free of lysosomes were isolated from rats which had 
been injected with Triton WE 1339 to alter the buoyant density of the 
lysosomes (Wattiaux et al., 1963). These mitochondria were separated 
from lysosomes on sucrose gradients and used to prepare lysosomal-free 
mt S-100. Figure 17 shows the effect of Triton WR 1339 on the 
sedimentation of mitochondria and lysosomes on sucrose gradients. 
Cytochrome c oxidase was used as a mt marker enzyme; acid phosphatase 
was used as a lysosomal marker enzyme. Mitochondria and lysosomes 
isolated from untreated rats both sedimented at a density of 1.197 
(Figure 17A). Mitochondria isolated from Triton WR 1339 injected rats 
also were observed to sediment at this density, however, lysosomes 
isolated from these rats sedimented at a buoyant density of 1.154 
(Figure 17B). Clearly, the injection of detergent has altered the 
lysosomes' density, allowing the isolation of lysosomal-free 
mitochondria. 
Lysosomal-free mt S-100 was compared with the usual mt S-100 
preparation in its effect on poly(U)-directed protein synthesis by E. 
coli ribosomes. Figure 18 illustrates that both S-100 preparations 
inhibit E. coli ribosomal protein synthesis to a similar degree. These 
results suggest the inhibitory agent is not lysosomal in origin. 
HeLa mt S-100 was assayed for ribonuclease activity as described in 
the Methods and was found to contain the equivalent of approximately 1 
ng of RNase A activity per 10 pg of protein. In an attempt to test 
whether this nuclease activity was responsible for the inhibition of 
Figure 17. Effect of injecting rats with Triton WR 1339 on the on the 
buoyant density of lysosomes in sucrose gradients 
A) Mitochondria isolated from control rats not injected with 
Triton TO 1339, were analyzed on a 1-1.7 M sucrose gradient 
prepared in buffer T. B) Mitochondria isolated from rats 
injected with Triton WR 1339, were analyzed on a 1-1.9 M 
sucrose gradient prepared in buffer T. Gradients were 
fractionated and the fractions assayed for cytochrome c 
oxidase (• •) and acid phosphatase (• #) activities. 
Densities were determined from the refractive indexes 
(A A) of the fractions. 
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Figure 18. Effects of S-100 from lysosome-free mitochondria on 
poly(U)-directed,protein synthesis by E. coli ribosomes 
Assays were performed as in Figure 9. Rat liver mt S-100 
(• 0) ; or lysosome-free mt S-100 (• •) was present 
as indicated. 
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protein synthesis by mt S-100, the effect of RNasin (a RNase inhibitor) 
was examined. Table 4 shows that although RNasin eliminates inhibition 
of protein synthesis by added RNase A, it does not eliminate the 
inhibition observed with mt S-100. 
Isolation and Activity of Mitochondrial Ribosomal Subunits 
One of the major goals of this research was to prepare active 
subunits of mitochondrial ribosomes from both CAP sensitive (S^) and CAP 
resistant (296-1) HeLa cells in order to determine which subunit is 
responsible for conferring antibiotic resistance. A number of different 
procedures for dissociating rat ribosomes were tested (D. Hacker, 
unpublished results). The simplest involved exposure of the ribosomes 
to high salt (500 mM KCl) at low Mg^^ (5 mM MgCl^), (Figure 19 A and B). 
This yielded subunits that could be reassociated by dialysis against 
KM__ EDT (Figure 19 C). 
Early preparations of subunits were not active in protein 
synthesis, in part because the high salt treatment removed mt factors 
essential for activity (see earlier results on the requirement of mt 
S-100 for the activity of high-salt washed mt ribosomes). It was not 
until the procedure for dissociation and isolation of ribosomal subunits 
described in the Methods was adopted that active subunits were obtained. 
The procedure involves dissociation of ribosomes at high-salt and low 
2+ 
Mg (see above) and recovery of subunits from sucrose gradients by 
precipitation with 10% polyethylene glycol. It is not clear why this 
method permits recovery of active subunits while others fail. 
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Table 4. Effect of RNasin on the inhibition of E_^ coli 
ribosomal protein synthesis by mt S-100^ 
3 
mt S-100 RNase A [ H]phe incorp. (CPM) 
(30 ug) (10 ng) -RNasin +RNasin^ 
431,000 435,000 
+ 72,000 479,000 
+ - 163,000 138,000 
^Poly(U)-directed protein synthesis assays were performed 
as described in the Methods using 0.18 E. coli ribosomes. 
Incubations were for 60 minutes. 
^RNasin was present at 1000 units/ml. 
Figure 19. Dissociation and reassociation of mt ribosomes 
3 [ H]uridine-labeled ribosomes isolated as described in the 
Methods were: A) analyzed on a 10-30% sucrose gradient 
prepared in KM^QEDT; B) dialyzed for two hours against 
^300^5^^^ and analyzed on a 10-30% sucrose gradient prepared 
in K^QQM_EDT; C) dialyzed for two hours against K.QQM.EDT 
then for two hours against KM^QEDT and analyzed as in (A ) .  
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55 S 
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20 10 
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Protein synthesis activity of HeLa mt ribosomal subunits prepared 
as outlined are shown in Table 5. A low level of activity was 
consistently observed with 40S subunits; in other experiments, this 
activity was reduced when the subunits were further purified. The 30S 
subunits alone had no activity. Combining the two subunits, gave 
reasonable levels of protein synthesis activity. 
To confirm that the observed synthesis was indeed due to mt 
ribosomal activity and not attributable to contamination by either 
cytoplasmic ribosomes (74S) or mycoplasma ribosomes (70S) (Johnson and 
Horowitz, 1971), the sedimentation behavior of ribosome-bound 
polypeptide product was determined. Figure 20 shows the profile 
obtained on sucrose gradient centrifugation. The radioactivity was 
observed to sediment at 55S, together with HeLa mt ribosomes. 
Effects of Chloramphenico1 on Protein Synthesis by Mt Ribosomes 
Poly(U)-directed protein synthesis by mt ribosomes was not 
significantly inhibited by CAP even when mt ribosomes from CAP sensitive 
cells (HeLa S^) was used, (Figure 21). Similar results were obtained by 
Miller (1981) with low-salt washed mt ribosomes. These results are in 
contrast to those reported by Greco et al. (1973) and Ibrahim et al. 
(1973), where the activity of rat liver mt ribosomes in poly(U)-directed 
protein synthesis was inhibited by CAP. More recently, however, Ulbrich 
et al. (1980) reported CAP did not inhibit poly(U)-directed protein 
synthesis by rat liver mt ribosomes. Kucan and Lipmann (1964), studying 
the effects of CAP on E. coli ribosomal protein synthesis directed by 
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Table 5. Poly(U)-directed protein synthesis using HeLa mt 
ribosomal subunits^ 
30 S 40 S [\]phe incorp. 
(0.14 A^^q) (0.20 Aggo) (CPM) (CPM -Bkg.)^ 
- -
23,800 0 
+ - 20,900 -2,900 
-
+ 31,700 7,900 
+ + 53,600 29,800 
^Assays were performed as described in the Methods using 
30 ug mt S-100. Incubations were for 90 minutes. 
^Bkg. is the cpm obtained in an assay containing no 
ribosomal material. 
Figure 20. Sedimentation profile of polyphenylalanine synthesized by 
HeLa mt ribosomes reconstituted from subunits. 
0.15 30S subunits and 0.30 40S subunits were 
incubated with [ H]phenylalanine in a poly(U)-directed 
protein synthesis assay as described in the Methods except 
2+ 
that the Mg concentration was 17 mM. After the 90 minute 
incubation, the assay tube was cooled on ice, layered atop a 
10-30% sucrose gradient prepared in KM^QEDT and centrifuged 
for 45 minutes at 40,000 rpm in a VTi 65 rotor. The 
gradient was fractionated and to each fraction 2 ml of 5% 
TCA was added. The fractions were then heated to 90°C for 
20 minutes, cooled, filtered and counted as described in the 
Methods. 
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Figure 21. Effects of CAP on poly(U)- and poly(U,C)-directed protein 
synthesis by HeLa mt ribosomes 
Poly(U)- and poly(U,C)-directed protein synthesis assays 
were performed as described in the Methods, using high salt 
washed HeLa mt ribosomes. HeLa rat S-100 was present at 
0.30 mg/ml. Incubations were for 2 hours. 
(•) Poly(U)-directed protein synthesis; 100% activity 
represents 86,000 cpm with a background, assay minus 
ribosomes, of 20,000 cpm subtracted. (•) Poly(U,C)-directed 
protein synthesis; 100% activity represents 4510 cpm with a 
background of 3,020 cpm subtracted. 
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p.g CAP/ml 
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various messages, also found poly(U)-directed protein synthesis was only 
slightly inhibited by the drug (see Introduction). 
When a different synthetic polynucleotide, poly(U,C), is used to 
direct protein synthesis by high-salt washed mt ribosomes, 
polypeptide synthesis is inhibited by CAP (Figure 21; also Miller, 
1981) . 
To determine which ribosomal subunit is responsible for CAP 
resistance in ribosomes from 296-1 HeLa cells, mt ribosomal subunits 
were prepared from both and 296-1 cells and the effects of CAP on 
homologous (30S S2/4OS S^; 30S 296-1/40S 296-1) and hybrid (30S S /40S 
296-1; SOS 296-1/40S S^) ribosomes, was determined in a 
poly(U,C)-directed protein synthesis system. The results are shown in 
Figures 22 and 23. As expected, protein synthesis by ribosomes 
reconstituted from homologous subunits was inhibited by CAP while 
those reconstituted from 296-1 subunits were insensitive to the drug 
(Figure 22). Hybrid ribosomes were inhibited by CAP when the 40S 
subunit was derived from the CAP sensitive (HeLa S^) cell line; the 
source of 30S subunits had no effect, and ribosomes reconstituted with 
40S subunits from the CAP resistant (296-1) cell line, were not 
inhibited by the antibiotic (Figures 22 and 23). These results were 
reproducible and demonstrate that the cytoplasmic mutation conferring 
CAP resistance to the HeLa 296-1 cell line alters a component of the 
large (40S) mt ribosomal subunit. 
Figure 22. Effects of CAP on poly(U,C)-directed protein synthesis by mt 
ribosomes reconstituted from homologous subunits 
Assays were performed as described in Figure 21. 
Incubations were for 2.5 hours. Assays contained (a) 
30S(296-1)/40S(296-1) subunits, 100% activity represents 
11,690 cpm with a background, assay minus ribosomes, of 
3,800 cpm subtracted; or (•) SOSCS^^/^OSCS^) subunits, 100% 
activity represents 4,870 cpm with background subtracted. 
100 
120 -1 
100-B 
30S (296-1)/40S (296-1) 
60-
40-
20-
400 300 200 100 0 
Ug CAP/ml 
Figure 23. Effects of CAP on poly(U,C)-directed protein synthesis by 
hybrid mt ribosomes reconstituted from heterologous subunits 
Assays were performed as in Figure 21. Reactions contained 
(•) 30S(S2)/40S(296-1) subunits, 100% activity represents 
12,620 cpra with a background, assay minus ribosomes, of 
3,810 cpm subtracted; or (*) 30S(296-1)/40S(S2) subunits, 
100% activity represents 9,100 cpm with background 
subtracted. 
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DISCUSSION 
As a tool to study mt biogenesis, Wallace et al. (1975) developed a 
cytoplasmically mutated HeLa cell line, designated 296-1, which was 
resistant to CAP. In comparing mt ribosomes from 296-1 cells to the 
parental S^, CAP sensitive cells. Miller (1981) showed the 296-1 mt 
ribosomes were resistant to the inhibitory effects of CAP observed with 
mt ribosomes in poly(U,C)-directed protein synthesis. The primary 
goal of this study was to further characterize the 296-1 mt ribosomes in 
the hope of learning more about the HeLa mt translation system in 
general. 
Isolation of Mitochondrial Ribosomes 
For the experiments described in this dissertation, it was crucial 
that mt ribosome preparations be free of cytoplasmic ribosomes. 
Cytoplasmic ribosomes are often found bound to membranes, including the 
mt outer membrane. EDTA chelates metal ions which affect this binding. 
Greco et al. (1973) showed that washing rat liver mitochondria with EDTA 
reduced the contamination of mt ribosomes by cytoplasmic ribosomes. 
Miller (1981) found similar results with HeLa mitochondria, however, 
EDTA washing alone was not sufficient to remove all of the cytoplasmic 
ribosomes (Figure lA). By combining an EDTA wash with digitonin 
treatment of the mitochondria, mt ribosomes could be prepared free of 
contamination by cytoplasmic ribosomes (Miller, 1981; Figure 1). 
Digitonin is a detergent which selectively removes the mt outer 
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membranes. Ribosomes prepared in this way are active in polynucleotide-
directed protein synthesis (Figure 4). 
In every HeLa mt ribosome preparation, we found a large percentage 
(>40%) of ribosomes as subunits. Brega and Vesco (1971) in early 
studies to characterize HeLa mt ribosomes, observed this large ratio of 
2+ 
subunits to raonoribosomes as well. Neither an increase in Mg 
concentration in the isolation medium, nor the presence of the protease 
inhibitor iodoacetamide throughout the isolation procedure yielded 
greater than 60% of the mt ribosomes as monoribosomes (Figures 2 and 3). 
It is not clear whether the observed ratio of subunits to monoribosomes 
is representative of the situation m vivo or if it is due to the 
isolation procedure. Whether the subunits isolated in low salt are even 
functional has yet to be determined. 
Protein Synthesis by HeLa Mitochondrial Ribosomes 
Protein synthesis activity of isolated mt ribosomes varied in 
different preparations. The most active HeLa mt ribosomes (Table 2) 
polymerized 0.77 moles of phenylalanine per mole of ribosomes in one 
hour. E. coli ribosomes were more active (Figure 9), polymerizing 4 
moles of phenylalanine per mole of ribosomes in one hour. 
Polyamines have been shown to stimulate vitro protein synthesis 
by mt ribosomes (Ulbrich et al., 1980; Abraham and Pihl, 1981). Ulbrich 
et al. found poly(U)-directed protein synthesis by rat liver mt 
ribosomes was stimulated by the addition of 2 mM spermidine. In their 
2+ 
system, the Mg concentration was 8 mM. We also observed stimulation 
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2+ 
of protein synthesis by HeLa mt ribosomes at 5 and 10 mM Mg by 
2+ 
spermidine (Figure 6). However, in our system the optimal Mg 
2+ 
concentration was 15 mM (Figure 5), and at this Mg concentration, 
addition of spermidine decreased protein synthesis activity. The 
2+ 
ability of the spermidine to substitute for a portion of the Mg in the 
assay system is probably attributable to the cationic properties of 
spermidine. In the assay system, there is most likely an optimal 
balance of negative charges (e.g., from RNA) with positive charges from 
2+ Mg and spermidine. 
HeLa mt ribosomes isolated in low salt were active in 
poly(U)-directed protein synthesis when supplemented with E. coli tRNA 
and E. coli S-100 (Table 1). Upon washing with high concentrations of 
salt, these ribosomes lost protein synthesis activity. However, 
activity was restored upon the addition of mt S-100 (Table 2). These 
results demonstrate that HeLa mt ribosomes require homologous factors 
for activity. Similar results have been reported by Dens low and O'Brien 
(1979) with bovine mt ribosomes and Ulbrich et al. (1980) with rat liver 
mt ribosomes. Both showed that homologous factors are required for 
protein synthesis by bovine and rat liver mt ribosomes. These studies 
found that mt ribosomes specifically require mt EF-G for activity; E. 
coli EF-G would not substitute for the mt component. 
To study many aspects of mt protein synthesis, particularly those 
concerned with the divergence of the mt genetic code, it would be useful 
to possess an vitro protein synthesis assay system derived 
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exclusively from mt components. As part of an attempt to develop such a 
system, mt S-100 was studied for its ability to substitute for E. coli 
S-100 in the protein synthesis system. Of particular interest was 
whether or not mt S-100 possessed aminoacyl-tRNA-synthetase activity. 
Upon investigating, mt S-100 was found to be unable to substitute 
for E. coli S-100 for protein synthesis by mt ribosomes (Table 2). When 
protein synthesis activity depended on aminoacylation of phenylalanine 
to E. coli tRNA, both E. coli and mt S-100 were required for activity by 
high salt washed mt ribosomes (Figures 7 and 8, and Table 2). However, 
in protein synthesis assays containing precharged phenylalanine-tRNA, mt 
ribosomes were active when supplemented with mt S-100 alone; E. coli 
S-100 did not stimulate this activity (Figure 15 and Table 3). These 
findings demonstrate that the role of the E. coli S-100 in the , 
aminoacylation-dependent protein synthesis assay system is to provide 
the aminoacyl-tRNA-synthetase activity; mt S-100 did not provide this 
activity. 
Aminoacyl-tRNA-synthetase Activity of Mitochondrial S-100 
An interesting question arising from the above results (Figures 7 
and 8, and Table 2) is why doesn't mt S-100 alone efficiently 
aminoacylate E. coli tRNA for protein synthesis? Our results show that 
mt S-100, at high concentrations, aminoacylates E. coli tRNA with 
phenylalanine (Figure 11). However, at such concentrations, protein 
synthesis by mt ribosomes is inhibited (Figure 8). These results could 
be understood if mt S-100 is aminoacylating phenylalanine to a tRNA 
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which does not recognize poly(U) message. This would account for both 
the observed aminoacylation of E. coli tRNA with phenylalanine by mt 
S-100, and for the lack of activity in poly(U)-directed protein 
synthesis by mt ribosomes supplemented with mt S-100 alone. 
It is of importance to note that the natural substrate for mt 
aminoacyl-tRNA-synthetases is mt tRNA, not E. coli tRNA. To further 
investigate the aminoacyl-tRNA-synthetase activity of the mt S-100 
alone, and also as an attempt to obtain an entirely mt protein synthesis 
system, mt tRNA was prepared from bovine liver and used in synthetase 
activity studies. The preparation of mt tRNA was difficult because a 
ribonuclease treatment of the mitochondria is necessary in order to 
eliminate cytoplasmic tRNA contamination. After this treatment, the 
mitochondria are lysed to release the mt tRNAs, and all ribonuclease 
activity must be destroyed at this time by performing a phenol 
extraction. Analysis of the bovine liver mt tRNA preparation on a 
polyacrylamide gel reveals a number of RNA bands which migrated slightly 
faster than E. coli tRNAs (Figure 12). According to Roe et al. (1981), 
this is where mt tRNAs would be expected to migrate. The gel also 
contains a number of other bands, one of which appears to migrate to the 
position expected for cytoplasmic 5S rRNA. This band may be due to 58 
rRNA not destroyed by the ribonuclease treatment. The gel also shows 
stained material located below the tRNA bands, which likely represents 
degraded RNA. 
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Aminoacylation of Mitochondrial tRNA with Various S-lOOs 
The abilities of various S-lOOs to aminoacylate mt tRNA with 
phenylalanine were tested. The results show mt S-100 was able to 
aminoacylate this tRNA to a low degree although E. coli S-100 did not 
(Figure 13). When cytoplasmic S-100 was tested, it was found to be more 
effective in aminoacylating mt tRNA than was mt S-100 (Figure 14). 
These results suggest that mt tRNA can be aminoacylated by cytoplasmic 
synthetases. However, another explanation is that the mt tRNA 
preparation contains contaminating cytoplasmic tRNAs and it is these 
species which are being aminoacylated by the cytoplasmic S-100. Support 
for the latter explanation comes from B. A. Roe. Using highly purified 
bovine liver mt tRNA, he has been unable to aminoacylate this tRNA with 
any source of aminoacyl-tRNA-synthetase (personal communication). It 
should be mentioned, however, that Buck and Nass (1968), using less 
extensively purified mt tRNA, observed aminoacylation of this tRNA by mt 
synthetase. 
Inhibition of Protein Synthesis by Mitochondrial S-100 
We have found poly(U)-directed protein synthesis by E. coli 
ribosomes to be inhibited by mt S-100 (Figures 16 and 18). The 
inhibitory activity remained after dialysis of the mt S-100, indicating 
the observed decrease in protein synthesis activity was not due to a 
3 dilution in specific activity of the [ H]phenylalanine. The inhibition 
was also observed with lysosomal free mt S-100 which shows the effect is 
not due to a lysosomal contaminant in the mt S-100 (Figure 18). Wu and 
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Ibrahim (1980) isolated a translational inhibitor from rat liver 
mitochondria. Studies with rabbit reticulocyte lysates suggest that the 
primary target of this mt translational inhibitor is the inactivation of 
globin mRNA. In addition, this inhibitor has been shown to degrade 
poly(U) (Wu et al., 1983). We have also found ribonuclease activity in 
our mt S-100 preparations. However, the presence of RNasin, a 
ribonuclease inhibitor, in poly(U)-directed protein synthesis by E. coli 
ribosomes did not reduce the inhibition produced by mt S-100 (Table 4). 
This result suggests the inhibition produced by the mt S-100 is not due 
to a ribonucleaseJ or at least not to an RNasin-sensitive ribonuclease. 
It is important to note that ribosomes were not active in 
aminoacylation-dependent protein synthesis when supplemented with mt 
S-100 alone. An alternative explanation for this observation is that 
perhaps protein synthesis is occurring, but is being overwhelmed by the 
inhibitory effect associated with the mt S-100. 
Effects of Chloramphenicol on Protein Synthesis by Mitochondrial 
Ribosomal Subunits 
The differential effect of CAP on poly(U)- versus 
poly(U,C)-directed protein synthesis by HeLa mt ribosomes has been 
previously reported from this laboratory (Miller, 1981). As is also 
shown in Figure 21, poly(U)-directed protein synthesis was found to be 
insensitive to CAP, whereas, poly(U,C)-directed protein synthesis was 
inhibited by CAP. Similar results have been reported by others using 
bacterial ribosomes. It appears the degree of sensitivity to CAP is 
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dependent on the codons used in protein synthesis. For reasons that 
remain unclear, poly(U)-directed protein synthesis is essentially 
unaffected by CAP (see the Introduction for further details). Using 
poly(UjC) as message. Miller further showed that mt ribosomes isolated 
from the CAP resistant HeLa cell line (296-1) were resistant to CAP, 
while mt ribosomes from the CAP sensitive cell line (S^) were inhibited 
by the drug. These results demonstrate that a component of the mt 
ribosomes in the CAP resistant cells has been altered. 
As previously stated, a primary goal of this dissertation was to 
further characterize the CAP resistant 296-1 mt ribosomes. A strategy 
was developed to show which 296-1 mt ribosomal subunit contained the 
altered component(s) which conferred the ribosomes' CAP resistance. The 
experimental design called for: 1) isolating mt ribosomal subunits 
active in protein synthesis from both the (CAP sensitive) and 296-1 
(CAP resistant) cell lines; 2) reconstituting homologous 
(30S(S2)/40S(S2); 30S(296-1)/40S(296-1)) and hybrid (30S(S )/40S(296-l); 
30S(296-1)/40S(S2)) ribosomes; and 3) determining the effects of CAP on 
these reconstituted ribosomes in poly(U,C)-directed protein synthesis. 
Initial attempts at isolating active subunits were unsuccessful. 
The reasons for this appear to be, first, the lack of sufficient mt 
ribosomes and, second, the loss of material upon ultracentrifugation. 
These problems were eventually overcome by storing mitochondria from a 
number of preparations until sufficient quantities were obtained for 
subunit preparation, and by employing a polyethylene glycol 
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precipitation procedure to recover subunits from gradients. Only after 
employing these steps were active subunits consistently obtained (Table 
5). An additional potential problem which was not apparent at the onset 
of this project was that subunits, having been prepared in high salt, 
required supplementation with mt S-.lOO for protein synthesis activity. 
However, observations made using high salt washed mt ribosomes 
demonstrated this problem and revealed it could be overcome by adding mt 
S-100 to the protein synthesis system (see Table 2 and above 
discussion). 
Having obtained sufficient amounts of active subunits, it was 
possible to prepare hybrid ribosomes and compare these ribosomes for 
their sensitivities to CAP in poly(U,C)-directed protein synthesis. It 
was found that the homologous 30S(296-1)/40S(296-1) and hybrid 
30S(S2)/40S(296-1) mt ribosomes were insensitive to CAP, whereas, the 
homologous 30S(S2)/40S(S^) and hybrid 30S(296-1)/40S(S2) mt ribosomes 
were inhibited by CAP (Figures 22 and 23). These results show that the 
large subunit of the 296-1 mt ribosomes contains the component(s) 
responsible for the CAP resistance by the ribosomes. 
Of the components of the HeLa mt ribosomal large subunits, only the 
16S rRNA is mitochondrially encoded; no mt ribosomal large subunit 
proteins appear to be mitochondrially encoded (see Introduction). 
Knowing the mutation conferring CAP resistance to the 296-1 cell line is 
cytoplasmically inherited, the most likely candidate for the mutation 
responsible for drug resistance is the 16S rRNA. In fact, prior to the 
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completion of this work, data published by Kearsey and Craig (1982) and 
Wallace et al. (1982) showed that the large mt rRNA genes from several 
CAP resistant cell lines each contain a one or, less frequently, a two 
base alteration compared to the "wildtype" sensitive lines. All of 
these base substitutions occur in a highly conserved region of the rRNA 
gene which is thought to be involved with the interaction between the 
large and small ribosomal subunits (Kearsey and Craig, 1982). Wallace 
et al. (1982) have shown that a single base alteration has occurred in 
the 296-1 cell mt large rRNA gene. The findings of this dissertation 
are consistent with those results. 
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